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Abstract
ATP-binding cassette (ABC) transporters are a superfamily of primary membrane trans-
porters that are abundant yet highly diverse in structures and functions. These proteins
power the active transport of a large variety of substrates across biological membranes, by
harnessing the energy of ATP binding and hydrolysis and coupling to their conformational
changes, which facilitate the substrate translocation with an alternating-access mechanism.
The architecture of ABC transporters contains two transmembrane domains (TMDs) and
two nucleotide binding domains (NBDs) locating at the cytoplasmic side of the membrane.
While the TMDs provide the pathway for substrate translocation and are highly variable
among different subfamilies, the NBDs provide the power source of the active transport and
are highly conserved. Since ATP binding/hydrolysis takes place remotely from the mem-
brane, the transport mechanism is an allosteric control of the TMD conformations through
nucleotide and/or substrate binding.
In isolated NBDs, the conformational changes induced by ATP binding and hydrolysis
have been shown to be the dimer formation and dissociation, since the nucleotide binding
site is locating at the dimer interface. However the nature of conformational changes in the
context of full transporters is still under debate, despite the crystal structures of several ABC
transporters have been resolved in different conformations. Multiple contradicting mecha-
nistic models have been proposed based on biochemical and structural characterizations of
different ABC transporters. The major issues of the controversy include, whether a common
mechanism can be applied to all ABC transporter, and if not, what is shared by different
mechanisms and what are the distinguishing features. On the other hand, although different
NBD conformations have been captured in crystal structures, the static pictures obtained
through crystallography only provide characterization the two end states but no little in-
formation about the transitions between the two. That is, how the NBD dimer separates
after hydrolysis, and how do separated NBDs form dimer upon ATP binding, have not yet
been described explicitly. Due to the lack of information, the mode of action of the NBDs is
also disagreed among different mechanistic models. Specifically, whether the hydrolysis and
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conformational changes in NBDs should take place symmetrically or alternatingly, and how
the TMDs correspond to the conformational changes in the NBDs, are keys to address the
controversies among different proposed mechanisms.
Using molecular dynamics simulations of isolated NBDs and full ABC transporters, I have
investigated the nature of conformational changes in ABC transporters. Firstly, the effect of
ATP hydrolysis is studied in an isolated NBD dimer. It is found that the dimer opening does
not require hydrolysis at both NBDs, and the hydrolysis reaction itself is able to trigger the
opening without the dissociation of the hydrolysis products. The key factors determining the
formation of NBD dimers was identified through simulations of isolated NBD dimers with
altered chemical properties at several conserved residues. Specifically, a strictly conserved H-
bond at the dimer interface which ruptures upon ATP hydrolysis, and long-range electrostatic
interactions are both required for the maintenance of a stable ATP-bound dimeric NBD
conformation. The dynamics of the transporters appear to be different in different types of
ABC transporter, suggesting likely distinct transport mechanisms. The coupling mechanisms
between the NBDs and TMDs are also different among subfamilies, possibly contributing
to the variations between their transport mechanisms. Nevertheless, a conserved NBD-
TMD coupling mechanism is identified in one subfamily of ABC transporters, that several
conserved motifs connect the NBD-TMD interface and form rigid bodies even under different
conformational states. Finally, formations of transient water-conducting states have been
identified in the simulations of full ABC transporters, which only occurs when transport-
relevant conformational transitions are taking place, suggesting that the alternating-access
mechanism of transport might only apply to the substrate, and the transporter can be
leaky for smaller species including water and ions during the transitions between major
conformational states.
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1 General Introduction
1.1 ABC Transporters
ATP-binding cassette (ABC) transporters are one the largest superfamily of primary active
transporters and can be found in all three kingdoms of life [1]. Members in this superfamily
use ATP to drive the active transport of a wide range of materials across biological mem-
branes. In the human genome, 48 genes have been identified to contain conserved ABC
sequences, many are characterized with essential physiological roles, for example, secretion
of the bile salt [2], loading of antigen peptides to MHC class I complexes [3], lipid homeosta-
sis [4], iron homeostasis [5]. In addition, many ABC transporters have been shown to directly
involve in human diseases, such as cystic fibrosis [6], neonatal diabetes [7], Alzheimer’s dis-
ease [8], Tangier disease (an inherited HDL deficiency) [9], and the development of multidrug
resistance in cancer cells [10]. Due to their functional importance and ubiquitous presence,
understanding their molecular mechanism(s) is of significant biomedical interest.
ABC transporters are structurally and functionally diverse in different organisms. Be-
sides diverse substrates, the direction of transport can be different among different ABC
transporters. That is, the superfamily is composed of transporters of two different cat-
egories, ABC exporters and ABC importers. In addition, some ABC transporters have
evolved functions in a completely transport-irrelevant manner. For example, ABCC7 is an
anion channel whose malfunction results in cystic fibrosis [6]; ABCC8 and ABCC9 are K+
channel regulators [11]. The ABC superfamily also contains members beyond membrane
proteins, e.g., ABCE1 is the factor recycling ribosomes after protein synthesis in eukaryotes
and archaea [12], while UvrA and MutS are involved in reparation of different types of DNA
damage [13,14].
ABC importers are structurally more diverse than ABC exporters, and can be further
divided into several subfamilies by their topologies (Fig. 1): type I (small) and type II (large)
ABC importers [15–17], as well as group I and group II energy-coupling factor (ECF) ABC
transporters [18, 19]. Many ABC importers are critical for the survival of microbes, due to
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Figure 1: Representative structures of ABC transporters of different subfamilies, from left to right: maltose
transporter (PDB: 2R6G), vitamin B12 transporter (PDB: 4FI3), lipid A flippase (PDB: 3B60), and folate
transporter (PDB: 4HUQ). The NBDs in ABC importers are colored red and blue, while the TMDs are
colored yellow and orange, and the BPs are colored gray.
their functions in the uptake of essential nutrients such as sugars [20], amino acids [21], ions
and vitamins [22].
Except for the ECF subfamily, most ABC transporters share a similar “2+2” domain
architecture despite their different functions and directions of transport (Fig. 1), and the
four basic building blocks are often arranged in a symmetric or pseudosymmetric manner:
two transmembrane domains (TMDs) that form the pathway for substrate translocation,
and two cytoplasmic nucleotide binding domains (NBDs) providing the energy for active
transport through binding and hydrolysis of ATP molecules. Additional substrate binding
proteins (BPs) can be found in type I and type II ABC importer systems [23], whose function
is to acquire substrates from the extracellular/periplasmic side of the membrane and deliver
to the TMDs, thus enabling the importing activity.
While ABC transporters vary greatly in their TMDs, the NBDs are highly conserved
among different subfamilies, especially at several nucleotide interacting motifs. Numerous
crystal structures of isolated NBDs have been reported (summarized in ref. [24] and [25]).
Structurally an NBD is composed of two subdomains, the RecA-like subdomain (also known
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as the core subdomain) and the helical subdomain (Fig. 2). The nucleotide binding site
(NBS) resides in the RecA-like subdomain, which contains most of the conserved nucleotide
interacting motifs. The helical subdomain, on the other hand, is centered with a structurally
diverse region (SDR [26]) and contains only one highly conserved motif—the ABC signature
motif (also termed “LSGGQ” after its consensus sequence).
Figure 2: Structure of the nucleotide-bound NBD
dimer of the maltose transporter viewed along the cen-
tral axis of the transporter from the extracellular side.
The two NBD monomers are colored blue and red, re-
spectively. The RecA-like subdomains are colored in
light colors and the helical subdomains in darker col-
ors. The Walker A motifs in both NBDs are colored
light green, and the LSGGQ motifs are colored yel-
low. ATP is shown in stick models and Mg2+ in green
spheres. The TMDs are not shown.
The NBD conformations vary greatly
among different nucleotide binding states.
Within each NBD, a rotation of the heli-
cal subdomain with respect to the RecA-
like subdomain can be observed between the
ATP-bound state and the ADP-bound or
apo states [27, 28]. More importantly, the
two NBDs form a dimer only in the pres-
ence of ATP, and the dimer opens or disso-
ciates after hydrolysis [29, 30]. In an ATP-
bound NBD dimer, the two NBDs are ar-
ranged in a head-to-tail orientation, and the
nucleotides are bound at the dimer inter-
face, sandwiched between two highly con-
served nucleotide-binding motifs—Walker A
and LSGGQ, one contributed by each NBD
monomer (Fig. 2).
Many crystal structures of ABC trans-
porters have been resolved as complexes of
full transporters with both NBDs and TMDs
present [31–50]. The conformations captured in these structures are mostly compatible with
the dimeric states shown in the isolated NBD structures. In particular, structures of ABC
exporters and type I ABC importers are consistently showing inward-facing (IF) conforma-
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Figure 3: Schematic representations of the general mechanism of ABC transporters.
tions with separated NBDs in the nucleotide-free state, while being outward-facing (OF) with
dimeric NBDs only when ATP-bound without being hydrolyzed [32,34,36–45,47,49]. Based
on the conformational homogeneity among these structures, a general transport mechanism
has been proposed for ABC transporters accordant with the alternating access paradigm of
active transport [16,51–53]: the transporters in the resting state are in the IF conformation,
as seen in the apo structures; the binding of ATP results in the dimerization of the NBDs,
which triggers the conformational changes in the TMDs and thus the conversion to the OF
state; the hydrolysis of ATP, on the other hand, results in the opening of the NBD dimer
and the restoration of the IF conformation in the TMDs. Particularly, the NBD conforma-
tions are mostly symmetric in this mechanistic model (termed “ATP switch model [54]” or
“processive-clamp model [55, 56]”, Fig. 4), and the two NBSs are require to be either both
open or both closed in order to complete the transport cycle.
The proposed general mechanism of ABC transporters, however, has been challenged in
several different aspects. Firstly, several studies of type II ABC importers have suggested
that their conformational coupling between the NBDs and the TMDs might differ from
that in type I ABC importers [31, 48, 50, 57, 58]. On the other hand, the ECF type ABC
transporters may form protein complexes different from other ABC importers [19, 59, 60],
especially the group II ECF transporters where one set of the transmembrane module (T
subunit) with the NBDs can be shared by various different systems [18,19,60], and even the
stoichiometry of domains might be different from other ABC transporters [60]. Moreover,
biochemical studies on ABC exporters, especially the multidrug resistant P-glycoprotein
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(Pgp), have lead to a kinetic model that the two NBSs take turns to bind and hydrolyze
ATP [61–63], a scenario described in the “alternating catalytic site model [56, 61]” and
“constant contact model [64]” (Fig. 4). In these two models, the two NBDs never completely
separate from each other during any state in the constant contact model, and the NBD
conformations are mostly asymmetric. The difference between these two models is whether
an NBD dimer with two bound ATP is involved. In the former model, the two NBDs
hydrolyze ATP in an alternating order with an intermediate state of doubly ATP-bound
dimer. In the latter model, ATP hydrolysis and opening of one NBS is accompanied with
the closure of the other NBS, which was open with newly associated ATP, ready for the next
round of hydrolysis once closed.
The controversy over different models is further puzzled by the presence of intrinsically
asymmetric ABC transporters. Many of these transporters contain one degenerate NBS,
where multiple non-consensus residue substitutions reside in the highly conserved motifs [53],
often abrogating the ATPase activity at that NBS due to replacement(s) at the catalytic
dyads. With the existence of functional ABC transporters with degenerate NBS, both the
ATP switch model and the constant contact model are confronted when one NBS is non-
hydrolytic, assuming ATP hydrolysis is required for its opening.
To address the controversies and to have a more complete view of the transport mecha-
nism(s), one need to resort to the structural dynamics of the transporters to rationalize their
mode-of-actions. My researches here utilize molecular dynamics (MD) simulations to cap-
ture the initial conformational changes of several ABC transporters upon state transitions.
Investigations are mainly focused on two major targets, a type I ABC importer, E. coli mal-
tose permease, and an ABC exporter, mouse Pgp, both are biochemically well studied model
Figure 4: Schematic representations of different models for ATP hydrolysis and conformational changes
in the NBDs. The two NBDs are colored in blue and red, and ATP is in green triangles, whereas ADP is in
orange triangles.
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systems. Crystal structures in these two subfamilies are most abundant and all seem to be
in agreement with the general mechanism, whereas the constant contact model is originally
proposed over studies of ABC exporters. It is therefore worthwhile to dissect the conforma-
tional dynamics of the two ABC transporters and investigate their mechanism(s). Several
specific questions to be addressed in my researches also include: a) how and why do the
NBDs dimerize when ATP-bound, b) how does the NBD dimer open after ATP hydrolysis,
c) whether ATP hydrolysis in one or both NBSs are required for NBD dimer opening, d) how
do conformational changes in the NBDs couple to the TMDs, e) whether MD simulations
are able to capture significant structural features that are transient in natures and might be
difficult to observe otherwise.
1.2 MD Simulations of Membrane Proteins
Molecular dynamics is a computational method to investigate the motion of macromolecules
with refined spatial and temporal resolutions. In a typical atomistic MD simulation, the
molecular model of the macromolecule of interest is constructed using its crystal structure,
together with molecules present in the microchemical environment including water, ions and
optionally ligands and a lipid bilayer for a membrane protein. The simulation system is
mechanically represented as a collection of atoms connected with chemical bonds, and the
dynamics of all the components can be obtained by solving the Newton’s equation of motion
for each atom:
Fi = mi
∂2ri
∂t2
, i = 1 . . . N,
where mi is the atomic mass of each atom and t is the time in the simulations. The force
exerted on each atom Fi is calculated from the negative derivatives of the potential function.
Fi = −∂U(ri)
∂ri
, U(r) = Ubond + Uangle + Udihedral + UvdW + Uelec
The potential function in MD are defined as the parameters in the “force field”, which
include interactions between atoms that are connected through covalent bonds (bond, angle,
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dihedral), as well as non-bonded (van der Waals and electrostatic) interactions.
All the MD simulations in my researches were performed using the program NAMD [65],
and molecules are described using CHARMM27 force field of protein [66], lipids [67],and
nucleic acids [68]. Water molecules are described in TIP3P model [69]. All simulations were
integrated in 1 fs steps unless otherwise mentioned, and are under 310 K constant temper-
ature and 1.01325 bar constant pressure. The temperature was maintained using Langevin
dynamics using a damping coefficient of γ= 0.5 ps−1, and the pressure is maintained with the
Nose´-Hoover Langevin piston method [70,71]. Non-bonded interactions were for neighboring
atoms within the 12 A˚ cutoff distance, with the switching function applied in the 10–12 A˚
range. Long range electrostatic interactions were calculated with particle mesh Ewald (PME)
method [72].
Figure 5: Initial snapshot of the simula-
tion system of a membrane-bound full ABC
transporter before equilibration (showing
the maltose transporter).
Full ABC transporter complexes were simulated in
membrane-bound forms (Fig. 5). The membrane in
these simulations is a bilayer of 2-oleoyl-1-palmitoyl-
sn-glycero-3-phosphoethanolamine (POPE) of ade-
quate size. To build a molecular model of membrane-
bound transporter, the coordinates of the protein is
retrieved from the Protein Data Bank [73] and in-
serted into the middle of the POPE bilayer. Lipid
molecules overlapping with the protein structure were
removed from the system, and the protein/membrane
assembly was then solvated into a water box. Equili-
bration of the protein/membrane systems require ex-
tras steps than that of a typical system of soluble pro-
teins. Firstly, the MD equilibration is only conducted
on the acyl chains of POPE for 0.5 ns, in order to
“melt” the lipid tails. Then, the systems were equilibrated with the heavy atoms of the pro-
tein restrained under a force constant of k = 5 kcal/mol·A˚2 to allow lipids to adjust the local
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density and optimally pack on the surface of the TMDs of the transporters. The membrane
dimensions would change significantly during this phase, and the restraints can be removed
once system dimensions start to stabilize. The unrestrained equilibration continues with a
close monitoring of the order parameter SCD of the acyl chains, the equilibration stops when
the membrane dimensions are stabilized without a significantly increased SCD, preventing
the membrane from becoming gel-like structures. The production runs of MD simulation
were carried out as the continuation of the equilibration, except that the system dimensions
on the xy-plane were fixed to prevent excess shrinkage due to the artifact of CHARMM27
lipid parameters, and the constant pressure routines only exert along the z-axis.
Most of the MD simulations were performed using supercomputers from the Extreme Sci-
ence and Engineering Discovery Environment (XSEDE), in addition to the campus clusters
of University of Illinois. To analyze the simulation trajectories and to produce molecular
images of the protein structures, the program VMD [74] was used.
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2 ATP Hydrolysis and NBD Dimer Opening∗
2.1 Introduction
The E. coli maltose transporter is one of the best biochemically characterized ABC trans-
porter [76]. Especially, the conformational changes of its NBDs in response to ATP binding
and hydrolysis have been captured in a series of crystal structures [29, 30], establishing the
basic mode-of-action of the NBDs and set the foundation of the general mechanism of ABC
transporters. The NBD of the maltose transporter, MalK, is able to form dimeric structure
due to an additional regulatory domain (RD) at its C-terminus, which dimerizes independent
of nucleotide binding [29]. The NBSs in the MalK dimers are closed only when ATP bound,
whereas under nucleotide-free conditions MalK appear either in semi-open or full-open con-
formations [29]. More importantly, when Mg2+ is present in the ATP-containing crystallizing
solutions to facilitate hydrolysis, MalK forms an open dimer with a conformation exactly
the same as an ADP-bound one [30].
Several structures of full maltose transporters have been resolved in different states [37,
41,43,44]. The NBD conformations in the isolated MalK structures are consistent with their
conformations shown in full transporters: a closed dimer of ATP-bound MalK is observed
in the “intermediate” state, where the TMDs appear in the OF conformation [37,43,44]; an
open MalK conformation is shown in the “resting” (nucleotide-free, substrate-free) and the
“pre-translocation” (nucleotide-free, substrate-bound) states [41,43], both are exhibiting IF
conformation in the TMDs.
Although the crystal structures have seemingly provided clear pictures for the mechanism
of the NBDs, the detail of the conformational changes of NBDs in respond to ATP hydrolysis
still requires further investigation. Particularly, the stoichiometry between hydrolysis and
transport [53, 54, 77, 78], and whether the two NBSs alternate to hydrolyze ATP [24, 56, 64,
79,80], are major topics of interest.
∗This chapter appeared as a research article in Biophysical Journal [75]. P.-C. Wen and E. Tajkhorshid,
“Dimer Opening of the Nucleotide Binding Domains of ABC Transporters after ATP hydrolysis”. Biophysical
Journal, 95(11):5100–5110, 2008. doi: 10.1529/biophysj.108.139444
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Here MD simulations are performed on the ATP-bound, isolated MalK dimer structure
to investigate the mechanism of the NBD dimer opening in ABC transporters after ATP
hydrolysis. All four possible combinations of nucleotide binding configurations are simulated
in a MalK dimer. The results suggest that the closed dimer is stable only when both
nucleotide binding sites are occupied by ATP. In other words, a single ATP hydrolysis event
can be sufficient to induce the NBD opening. The hydrolysis reaction directly affects the
stability of the NBD dimer interface, and the opening can take place before the phosphate
dissociation from the NBS.
2.2 Methods
Figure 6: Initial snapshot of the ATP/ATP simula-
tion system.
The structure of the ATP-bound MalK
dimer (PDB: 1Q12 [29]), which contains
the C-terminal RDs was used to construct
the simulation systems. The crystal struc-
ture contains two set of dimers in the
crystallographic asymmetric unit, and the
dimer composed of chains C/D was cho-
sen for model building since it includes
more bound water molecules. Due to the
crystallizing condition, Mg2+ ion was not
present in the NBSs and had to be manually
placed between the β- and the γ-phosphates
of the bound ATP molecules. The Na+
ions present in the equivalent positions of
the structure of ATP-bound MJ0796 dimer
(PDB: 1L2T [27]) were used as the reference for Mg2+ placements. The MalK structure was
then solvated in a periodic box of 90× 100× 90 A˚3 dimensions (Fig. 6), and neutralized and
ionized with 200 mM NaCl. The structures were energy-minimized for 3000 steps before the
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MD simulations, during which the Mg2+ coordinates were closely monitored to ensure its
proper coordination by ATP, bound water and conserved Walker A residues, and thus stable
local structure in the NBS.
Figure 7: The configuration of
ADP-Pi in the NBS at t = 1 ps
after ATP hydrolysis.
The simulations were firstly performed on the doubly ATP-
bound (ATP/ATP) system for 8.25 ns, from which time point
the systems deviate into four different nucleotide-bound forms.
To simulate the effect of ATP hydrolysis, the ATP molecule
was converted to ADP and Pi by replacing the γ-phosphate
with a dibasic inorganic phosphate (HPO2−4 ) and the coordi-
nates of the Mg2+ and ADP were preserved as in ATP. The
bound nucleotides were converted at either of the two NBSs or
simultaneously at both NBSs, thus creating four systems with
different combinations of nucleotide-bound states (ATP/ATP, ATP/ADP-Pi, ADP-Pi/ATP
and ADP-Pi/ADP-Pi). The three post-hydrolysis systems were energy-minimized before
continuation of MD simulations, and all four systems were simulated for additional 70 ns.
To quantify the opening between the NBDs, distances were measured between the RecA-
like subdomain (V4–Y87, P152–G235) of one monomer and the helical subdomain (P88–
E151) of the other monomer (Figs. 2 & 6), using the coordinates of their centers of masses
(CoMs). The CoM distances were also measured between the Walker A motif (G36–S43)
of one monomer and the LSGGQ motif (L134–R141) of the other monomer (Figs. 2 & 6)
to reflect the opening of each NBS, as well as the donor-acceptor distance between ATP
and its key binding residues. These distances in the ATP/ATP system were averaged and
used as a reference to identify the NBD opening event. An opening event is defined by
significant deviations in these measurement beyond three standard deviations of the values
in the ATP/ATP system.
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Figure 8: Final structures (t = 78.25 ns) of the four simulation systems (A) ATP/ATP, (B) ADP-Pi/ADP-
Pi, (C) ADP-Pi/ATP, (D) ATP/ADP-Pi.
2.3 Results and Discussions
2.3.1 Dimer opening is a Direct Effect of ATP Hydrolysis
The most apparent consequence of ATP hydrolysis in all three ADP-Pi containing systems is
the opening of the dimer interface (Fig. 8). The closed NBD dimer appears to be destabilized
by ATP hydrolysis, no matter it takes place in either of the two NBS or simultaneously at
both sites. The destabilized dimer interface eventually lead to the departure of the LSGGQ
motif from the nucleotide at one or both NBSs, and thus the separation of the two NBD
monomers.
12
Figure 9: NBD dimer opening represented with distances between subdomains, between ATP-bindng mo-
tifs, and between donor and acceptor of key H-bonds at the dimer interface. (A–D) schematic representations
of distances shown in the following panels. (E–H) time series of the corresponding distances at the two NBSs
in the simulation. Each column represents one NBS and the four subpanels of each column contain traces
corresponding to the distances shown in panels A–D, listed from top to bottom.
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The degree of NBD dimer separation and the NBS opening are represented by the dis-
tances between the two subdomains (RecA-like and helical) and between the two nucleotide-
binding motifs (Walker A and LSGGQ) on the two sides of each NBS (Fig. 9). Also, the
detailed specific interactions at the dimer interface are quantified as several sets of distances
between H-bond donors and acceptors that are structurally conserved in ABC transporters
(Fig. 9): a) between the three γ-phosphate binding residues of the LSGGQ motif (S135, G136
and G137) and either the ATP γ-phosphate or the nascent inorganic Pi after hydrolysis; b)
between the ribose and the conserved glutamine (Q138) of the LSGGQ motif, as well as the
backbone of the residue upstream of the LSGGQ motif (A134); c) between the conserved
aspartate at D-loop (D165) and a a residue at the Walker A motif (S38), an H-bond directly
connects two NBD monomers not through the bound nucleotide.
All these distances in the control system (ATP/ATP) show very limited fluctuations
except the interactions involving the ribose. A highly stable dimeric NBD structure with
tightly bound ATP can be indicated, especially with the strong H-bonds between the LSGGQ
motif and the γ-phosphate. On the contrary, NBS opening and NBD dimer separation can
be observed in all other three post-hydrolysis simulation systems. When the NBD dimer
opens in the post-hydrolysis simulations, the inter-subdomain distance increases sharply
from ∼30.5 A˚ to more than 33 A˚, resulting in a distance similar to that in the semi-open
MalK structure (PDB: 1Q1B [29], ∼33.5 A˚ between subdomains). The increased distance
between subdomains coincides that between the two nucleotide binding motifs, as well as
between the nucleotide and residues in the LSGGQ motif. In other words, the NBD dimer
separation is due to the NBS opening between the LSGGQ motif and the nucleotide, while
the nucleotide stays associated in the Walker A motif. Since the Pi stays bound in the NBS
in all three post-hydrolysis simulations, yet NBD dimer opening is consistently observed,
the opening appears to be a direct consequence of ATP hydrolysis and does not require the
dissociation of the hydrolysis product.
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2.3.2 Mechanism of Hydrolysis-Induced NBD Dimer Opening
Upon the conversion of γ-phosphate to Pi, the Pi immediately departs from ADP and changes
its orientation such that the Mg2+ ion moves in between the β-phosphate of ADP and the
nascent Pi (Fig. 10). The Mg
2+ in the new location is coordinate by four oxygen atoms of
phosphates, two of ADP and two of Pi, instead of only two oxygen coordinating when in
ATP-bound state. Moreover, the movement of Mg2+ results in its disengagement from Q82
and S43, which are highly conserved residues in Q-loop and Walker A motifs, respectively
(Fig. 10). The origin of the Pi and Mg
2+ rearrangement during the simulations appear to be
the electrostatic repulsions between ADP and Pi, as well as their attractions to the Mg
2+.
The rearranged Pi after ATP hydrolysis moves slightly closer to G136, which also results
in the rupture of the H-bond connecting S135 and the ATP γ-phosphate in ATP-bound
form. The complete rupture of this H-bond seems to be prerequisite for the sharp opening
of the NBS, since the increase of the donor-acceptor distance of this H-bond always precede
the increase of distance between LSGGQ and Walker A motifs (Fig. 9). Among the LSGGQ
motif, S135 provide the strongest H-bond to the bound nucleotide (as evidenced by the
shortest donor-acceptor distance and least fluctuation, Fig. 10D), the disruption of H-bond
at this residue seems to be a key step in destabilization of the NBD dimer interface. Also,
the NBD dimer interface is further destabilized by the partial rupture of the H-bond between
S38 and D165 (Fig. 9). Even though this H-bond does not involve the nucleotide, S38 is a
γ-phosphate binding residue and its side chain remains bound to Pi after its rearrangement,
which may cause a slight backbone rotation or a local charge redistribution that affects the
strength of the H-bond between S38 and D165.
2.3.3 Stochasticity of NBD Opening and Mechanistic Implications
The NBS opening does not always start at the hydrolytic site. For example, in the ADP-
Pi/ATP system, it is the ATP-bound NBS open first. Furthermore, the retention between
the hydrolysis and the disengagement of the LSGGQ motif from the Pi is always different
in all three post-hydrolysis simulations. These phenomena both suggest a stochastic nature
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Figure 10: The closed up view of the NBS (A) before hydrolysis, showing t = 78.25 ns structure of the
ATP/ATP system, (B) after hydrolysis but before NBD dimer opening, showing t = 9.25 ns of the ATP/ADP-
Pi system, (C) after the major dimer opening event, showing t = 78.25 ns of the ATP/ADP-Pi system. (D)
The average distance (and standard deviation) of H-bonds between nucleotides and conserved residues at
the Walker A and LSGGQ motifs in the closed NBD dimers (ATP/ATP system or other systems before the
dimer opening event). Blue bars represent ATP-bound sites and yellow/orange bars represent sites occupied
with ADP-Pi.
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of the NBD dimer opening. Examining the local NBS structure after the hydrolysis event
but before its major opening, it becomes clearly that the H-bond between S135 and Pi is al-
most completely ruptured due to significantly increased donor-acceptor distances (Fig. 10D),
whereas the H-bond between G137 and Pi is moderately weakened as greater fluctuations can
be observed (Fig. 10D). On the other hand, the Gly136-Pi interaction is slightly strengthened
during this stage, which may be the major factor to transiently maintain a closed NBS until
its abrupt opening (Fig. 10D). The donor-acceptor distances of the H-bonds at the LSGGQ
motif indicate that, the interface in the NBS is maintained by several weaker H-bonds im-
mediately after ATP hydrolysis, in contrast to the strong H-bond between S135 and the
γ-phosphate when ATP-bound. Therefore, the period between the hydrolysis and the NBD
dimer opening can be described as a metastable state. The NBD dimer opening can initiate
at either NBS at any time, as long as the H-bonds connecting LSGGQ to the nucleotide
are ruptured. The requirement of simultaneously rupturing several H-bonds give rise of the
stochasticity of the NBD dimer opening.
The simulation results suggest that the closed dimeric MalK can only exist with doubly
ATP-bound NBSs and ATP hydrolysis in either or both NBSs can induce the NBD dimer
opening, i.e., one ATP hydrolysis event might be sufficient to trigger the conformational
changes required for substrate transport. However, considering that the full NBD opening
takes a certain amount of time after the hydrolysis event, it is possible that a second hy-
drolysis event can take place in the other NBS before the NBD dimer opens completely,
assuming the hydrolysis rate in the two NBSs of an NBD homodimer is the same and thus
the probability of hydrolysis reaction to take place at each NBS is equal. Especially, in the
context of a full ABC transporter where the conformational changes in the NBDs are coupled
to those in the TMDs, the NBD dynamics can be largely dampened and its opening can be
significantly delayed after hydrolysis, allowing more time for hydrolysis to take place at both
two NBSs. In such a scenario, the average number of ATP hydrolyzed per transport cycle
is predicted to be somewhere between one and two for a symmetric NBD dimer like MalK,
which is consistent with the measured 1.4:1 stoichiometry of ATP hydrolysis and substrate
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transport for reconstituted maltose transporter [81].
The stochastic nature of NBD dimer opening after ATP hydrolysis suggests that the two
NBSs do not necessarily operate in an alternating manner. Furthermore, since the hydrolysis
in one NBS can trigger the opening of the other ATP-bound NBS in the simulations, the
conformational changes in the NBDs can be described with the ATP switch model but with-
out the necessity of hydrolyzing at both NBSs. In homodimeric NBDs, the conformational
changes required for transport can be achieved with one hydrolysis event at either of the two
NBSs, or when ATP in both sites are hydrolyzed. On the other hand, transport can still be
accomplished in asymmetric ABC transporters where only one NBD is hydrolysis-capable,
as ATP binding in both NBDs is required even though only one ATP is hydrolyzed. One
would expect that under ideal condition (no futile cycle) the stoichiometry of ATP hydrol-
ysis to substrate transport in asymmetric ABC transporters should be close to 1:1, whereas
symmetric ABC transporters might consume more ATP per transport cycle.
More discussions for the mechanistic model of NBDs will be provided in Chapter 7.
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3 How Do the NBDs Dimerize—Essential Roles of the
LSGGQ Motif
3.1 Introduction
Major conformational changes in the alternating-access mechanism of ABC transporters is
achieved by the formation of NBD dimer in the presence of ATP. The ATP-bound dimeric
NBD conformations have been evidenced in several crystal structures of isolated NBDs [27,29,
60,82–85], as well as in the context of full ABC transporters [32,37,38,43,44,48]. Spontaneous
NBD closing movements have also been demonstrated in MD simulations of several ABC
transporters when nucleotide-free active sites are docked with ATP molecules [86, 87]. The
origin of such nucleotide dependent NBD dimer formation, however, is less clear. It has
been long speculated that balance of electrostatic charge at the nucleotide binding sites are
essential for the formation of NBD dimer and its opening after hydrolysis [27]. Especially,
when it is found the distance between the NBD monomers can often reach more than 10 A˚
away from each other in the nucleotide-free crystal structures, and as much as ∼50 A˚ in
a bacterial lipid flippase MsbA [38], it is intuitive to hypothesize that “any NBD-NBD
interaction at such a distance must be long range charge-charge interactions” [78].
Although many have speculated that electrostatic interactions are responsible for the
formation of NBD dimer in the presence of ATP [27, 78, 85, 88], little evidence has been
provided to support this hypothesis. One of the few exceptions is a study on the human
ABC transporter associated with antigen processing (TAP), which identified a salt bridge
being crucial for the transport activity, that forms between the LSGGQ motif and the Q-
loop of the opposing NBD [88]. However this salt bridge may not apply generally to all ABC
transporters but only to a subfamily, since the the negatively charged residue (next to the
Q-loop glutamine) in the salt bridge is not highly conserved.
In this chapter, MD simulations were used to dissect the roles of the highly conserved
LSGGQ motif upon the formation of NBD dimers. The dimeric MalK structure was used
for equilibrium simulations with the chemical properties of several highly conserved residues
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Figure 11: The simulation systems of full ABC transporters in membrane-bound forms. From left to right:
nucleotide-free molybdate/tungstate transporter, ATP-bound maltose transporter, nucleotide-free vitamin
B12 transporter, ATP-bound lipid A flippase.
in the LSGGQ motif perturbed. It was found out the H-bond at S135 and the electrostatic
interactions at R139 and R141 are all required for the stable ATP-bound dimeric NBD
conformation, and interfering any one of these interactions results in spontaneous NBD
opening with bound ATP. Therefore, the roles of the LSGGQ motif in the NBD dimerization
include attracting and orienting the ATP at the remote NBD and donating a crucial hydrogen
bond lock the ATP γ-phosphate.
3.2 Methods
3.2.1 Simulating Full ABC Transporters
To characterize the electrostatic potential within the structures of ABC transporters, sev-
eral simulation systems were constructed: the E. coli maltose transporter MalEFGK (PDB:
2R6G [37]) in ATP-bound state and with nucleotide removed; the E. coli vitamin B12 trans-
porter BtuCDF (PDB: 2QI9 [36]) in nucleotide-free state; the S. typhimurium lipid flippase
MsbA (PDB: 3B60 [38]) in ATP-bound state; and the A. fulgidus molybdate/tungstate
transporter ModABC (PDB: 2ONK [35]) either in nucleotide-free state or with docked ADP
and Mg2+. The systems were constructed and equilibrated using the general procedures
described in section 1.2. After initial equilibrations, the maltose transporter system was
simulated for 10 ns and then deviated into ATP-bound and nucleotide-removed systems (de-
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tailed in section 4.2). Both systems were further simulated for 70 ns and the trajectories
between t = 60 ns and t = 70 ns was used for electrostatic analysis. Simulations of all other
systems were performed for 10 ns and the trajectories were used for electrostatic analysis.
To dock ADP and Mg2+ in the two NBSs of ModABC, the MgADP-bound crystal struc-
ture of MalK (PDB: 2AWN [30]) was used as the template. The two structures were super-
imposed using the Cα of their Walker A motifs (MalK:G36–T44; ModC:G31–V39), and the
coordinates of ADP and Mg2+ were transferred from the MalK structure to the ModABC
structure. Due to the lack of force field parameters, the BP-bound substrate (WO4) in the
ModABC structure was not included in the simulations, however the protein conformations
were not affected during the 10 ns simulation time. On the other hand, the transport sub-
strate maltose was parametrized using the CHARMM Carbohydrate Solution Force Field
(CSFF [89]) in the simulations of the maltose transporter.
The VMD plug-in PMEPot [90] was used to for electrostatic analysis on the simulation
trajectories. Before the electrostatic analysis, the trajectories were firstly superimposed onto
the structures of the last frame, with least Cα RMSD at the two NBDs (MalK:A2–G235,
entire BtuD and entire ModC, SAV1866:G338–L578). PME electrostatic potentials were
calculated and recorded with a 1 A˚ grid spacing.
3.2.2 Simulating ATP-bound MalK Dimer
The isolated, ATP-bound MalK system was create by truncating the equilibrated full maltose
transporter system that described in previous section. In addition to the two RD-containing,
MgATP-bound MalK monomers, the EAA loops of the two TMDs (MalF:P396–L421 and
MalG:D185–L210) were also included (Fig. 12). To reduce space consumption and to pre-
vent artificial aggregation of hydrophobic residues in the EAA loops, residues with large
hydrophobic side chains pointing away from the NBDs were mutated to alanines (F411,
F414, F415, L419 of MalF and W200, F203, L208 of MalG). The truncated MalK structure
was solvated into a water box of 100× 100× 100 A˚3 and ionized with ∼50 mM NaCl (Fig. 12).
All the MalK simulations, including wildtype and all the mutant systems (described below)
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were simulated for 50 ns.
Figure 12: The simulation systems of the
MalK dimer used in this chapter also in-
clude the EAA loops of the TMDs (shown
in yellow and orange).
To evaluate the roles of LSGGQ motif in the
NBD dimerization, the partial charges on the atoms
of S135, R139, and R141 were attenuated in differ-
ent sets of simulations. The partial charges on the
side chain of S135 were either artificially set to be
the standard alkane C/H charges in CHARMM force
field (all hydrogens including Hγ at +0.09 e, Cβ at -
0.18 e, while Oγ at -0.09 e), or adjusted to match those
on the corresponding atoms in a cysteine side chain.
Two schemes were used to neutralize the side chain
of R139 and R141: a) attenuating the partial charges
as alkane C/H atoms—all hydrogen atoms at +0.09 e,
Cβ/Cγ/Cδ and both Nη atoms at -0.18 e, N at -0.09 e,
Cζ with 0 charge; b) deprotonating the side chain by
removing H while remapping the partial charges of the deprotonated side chain as one tau-
tomeric form of methylguanidine [91]: Cδ at +0.06 e, N at -0.86 e, Cζ at +0.66 e, both Nη
atoms at -0.60 e, both Hδ atoms at +0.09 e, and all four Hη atoms at +0.29 e. In addition,
the S135C mutant of MalK, as well as R139Q/Q140R, Q140R/R141Q double mutants were
constructed using the Mutator plug-in of VMD.
3.3 Results and Discussions
3.3.1 Highly Conserved Serine in the LSGGQ Motif
Asymmetric ABC transporters with degenerate NBD sequences often have the ATPase ac-
tivity impaired or abolished at one NBS. Since the ATP-dependent conformational changes
are required for transport, the degenerate sequences in the NBDs should only affect the ATP
hydrolysis rate but not the nucleotide binding and the dimeric conformations. That is, even
in a degenerate LSGGQ motif, residues important for ATP binding should still be conserved
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Figure 13: Sequence logo of the LSGGQ motif and the following conserved helix. The logo of
degenerate LSGGQ motifs is colored normally, and that of the entire population is in faded color.
Residues are colored according to their chemical properties: D/E in red, H/K/R in blue, N/Q in pur-
ple, C/G/S/T/Y in green and others in black. Sequence logos were generated using the Weblogo server
http://weblogo.threeplusone.com/ [92].
due to its functional importance.
LSGGx 44.88 %
xSGGx 11.56 %
xSGGQ 11.35 %
LSxGQ 7.00 %
xSxGx 6.64 %
LSxGx 6.31 %
Table 1: The most common de-
generate LSGGQ sequences and
their occurring probability in the
total population of degenerate
LSGGQ motifs.
Using the aligned NBD sequences of ABC transporters from
the Pfam database [93] (236,980 sequences in entry PF00005),
sequences containing any substitution at the five positions of
the “LSGGQ” quintet are summarized as the consensus of a de-
generate ABC signature motif (Fig. 13). Not surprisingly, the
most invariant residues in the degenerate sequences are those
directly interacting with ATP in NBD structures. Both S+2
and G+4 are most conserved both in wildtype and in degen-
erate sequences. Using the sequence of MalK as an example,
these two residues correspond to S135 and G137 in the LSGGQ
motif, and are the ones forming H-bonds with ATP γ-phosphate in NBD dimers. Specifically,
the H-bond at S135 is shown critical for the stabilization of the NBD dimer interface, and its
rupture is the prelude of NBD opening after ATP hydrolysis [75]. In contrast, other residues
are subjected to different levels of substitutions in the degenerate sequences, especially L+1
and Q+5. Substitutions in these two positions alone account for more than 2/3 of the total
population among degenerate LSGGQ sequences (Table 1). However, most substitutions at
these positions generally do not change the chemical properties of the residue significantly
(Fig. 13), e.g. L+1 is often replaced by another hydrophobic residue, while a lengthy polar
sidechain can replace Q+5. It is therefore possible that these two positions are conserved
only for structural purposes, but not being functional critical.
Using MD simulations of the MalK dimer, the role of the highest conserved S+2 (S135)
23
is investigated by eliminating its H-bond donor in the simulations with three different ways:
a) S135CH/S135CH , where the partial charges on the atoms of S135 side chain attenuated
as typical alkane C/H in CHARMM force field (±0.09 e per bonded hydrogen) without
changing their atom types, thus preserving all other chemical properties such as bond lengths,
angles and Van der Waals radii; b) S135C/S135C, a S135C mutation at each NBD; c)
S135SH/S135SH , where the atomic partial charges of S135 are attenuated as a cysteine
sidechain without changing the atom types. In all three sets of simulations, the MalK dimer
spontaneously open even in the presence of bound ATP (Fig. 14B). The dimer opening in
these systems suggest that a strong H-bond between S135 and ATP is essential to keep
the NBD dimer interface adhered. Reducing the strength of this H-bond by attenuating the
partial charges of the donor results in the rupture of the H-bond and the NBD dimer opening.
This is consistent with the finding that a mutant TAP1-NBD fails to form homodimer when
ATP-bound, where the conserved serine is mutated to alanine [84].
The H-bond donor S+2 is highly conserved even in degenerate LSGGQ motifs, suggesting
that ATP binding and likely the formation of NBD dimers is functional relevant for an
asymmetric ABC transporter with a degenerate NBS. To further investigate whether two
of the H-bonds are required, MD simulations are performed using an asymmetric MalK
dimer (S135CH/S135) where the partial charges of S135 is attenuated in only one NBD.
Interestingly, the elimination S135 H-bond from one NBD results in the weakening of the
other S135 H-bond, and leads to the opening of the MalK dimer (Fig. 14B). This suggests
that the H-bond between S+2 and ATP must present in both NBSs for the NBDs to form
ATP-bound dimer, and the rupture of one H-bond is sufficient to destabilize the entire dimer
interface and cause the opening of both NBSs. Again this is consistent with the results in
Section 2.3, that a single hydrolysis in the NBD dimer is sufficient to trigger the complete
NBD dimer opening [75]. Since the H-bonds at S135 of both NBDs are required to maintain
the dimeric conformation of MalK, in the following sections the stability of MalK dimer will
be examined with the donor-acceptor distances of the two S135 H-bonds.
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3.3.2 Conserved Basic Residues in the LSGGQ Motif
Aside from the “LSGGQ” quintet which gives the name of the ABC signature motif, less
attention is paid to the conserved residues following the quintet, especially positions +6–+8.
Even though being less conserved than +1–+4 positions, residues at +6–+8 are frequently
positively charged and the consensus sequence in these three positions is “RQR” (Fig. 13).
Examining the residue compositions at +6–+8, it is found that the degenerate sequences
have averagely 1.6 basic residues at these three positions, a quantity exactly the same when
averaging the entire population of ABC sequences. In other words, regardless wildtype or
degenerate, the probability of occurrence of basic residues at +6–+8 is constant, suggesting
possible functionally relevant roles of the basic residues.
Equilibration simulations of 10 ns were performed with several different ABC transporters
and electrostatic potential in the simulation systems was calculated (Fig. 15). Surprisingly,
a region with highly positive electrostatic potential can be found in the interior of the helical
subdomains of all ABC transporter systems simulated, regardless of the NBD conformations,
the presence or absence of nucleotides, and the subtypes of the specific ABC transporter
in the simulations. The peak of the positive potential usually reaches >500 mV in the
simulations, and its location in the helical subdomain is closer to the NBS rather than the
periphery of the NBSs, roughly matching the position of the “RQR” sequence in the LSGGQ
motif (Fig. 15).
Speculating that the basic residues in the LSGGQ motif are functional important, a series
of simulations is performed on the MalK dimer with attenuated partial charges on the con-
served arginines in the helical subdomain (R139 and R141, as well as R146 for comparison),
which eliminates the net charge of the residue. The neutralization of either R139 or R141
results in spontaneous NBD dimer opening with bound ATP, whereas neutralizing R146
does not alter the NBD conformation (Fig. 14C). It is therefore suggested that in addition
to the H-bond donor S+2, the basic residues in the LSGGQ motif are also essential for the
formation of NBD dimer.
Changing the atomic partial charges in these residues not only eliminates the net +1
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Figure 15: Electrostatic potential in the NBDs of ABC transporters. Showing the structures of ABC
transporters at the end of the simulations, with the surface showing a contour with electrostatic potential
greater than V = 500 mV: (A) the ATP-bound maltose transporter, (B) the nucleotide-free maltose trans-
porter, (C) the nucleotide-free molybdate/tungstate transporter, (D) the molybdate/tungstate transporter
after MgADP docking, (E) the ATP-bound lipid A flippase, (F) the nucleotide-free vitamin B12 transporter.
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charge of the residue and renders them neutral, but also turns them completely hydrophobic.
A research on the gating activity of an ABC protein, CFTR channel, suggests that an H-
bond between the basic residue at +8 of LSGGQ motif and a polar residue (serine, threonine
or asparagine) of the opposing Walker A motif is required for the NBD dimerization. To
dissect whether the spontaneous NBD opening is the caused by the lost of net charge or the
lost of H-bond, the simulations of MalK are repeated with R139/R141 deprotonated at Nε,
thus preserving the polar η-hydrogens at the tip of the side chain. The retention of H-bond
donors in deprotonated R141, however, does not prevent the dimer from opening (Fig. 14C),
arguing that the net charge of R141 is more important than its H-bond donors in maintaining
the NBD dimer. On the other hand, although deprotonating R139 has limited effects on
the NBD dimer conformations during the 50 ns simulation time (Fig. 14C), the weakening
of S135 H-bonds (higher fluctuation level) and the slight opening at one NBS suggest that
a complete NBD opening might be expected with longer simulation time.
The residues involved in H-bond formation in the CFTR study are conserved in the
maltose transporter (S38 and R141). Examining the donor-acceptor distance between these
residues in total of 150 ns of full transporter simulations (detailed in Chapter 4), it is con-
cluded that the two residues only form hydrogen bond occasionally. Moreover, the two
residues are conserved in most ABC transporters, and the donor-acceptor distance of this
pair in crystal structures of full ABC transporters with dimeric NBDs is usually >3.0 A˚,
indicating only a weak H-bond in ATP-bound NBD dimers. Nevertheless, the distance of
this R-S pair is always <3.0 A˚ in several structures of maltose transporter trapped with
transition state analogs of ATP hydrolysis, suggesting this H-bond may work to stabilize the
NBD dimer interface during the transition state when ATP is being hydrolyzed.
3.3.3 Locations of the Basic Residues
Although the basic residues can locate in any of the +6–+8 positions of the LSGGQ motif,
there is a clear tendency that the frequency of +6 and +8 occurrence is significantly than
that of +7. Interestingly, the most frequently occurring residue in these positions besides
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arginine and lysine is glutamine, all containing lengthy aliphatic sidechain with a polar end.
Since the role of the basic residues is to provide electrostatic interactions with ATP, it is
intriguing whether the positions of the +6–+8 residues are interchangeable.
Figure 16: Distances between NBDs of MalK with
R139 or R141 swapped with Q140.
To test this hypothesis, additional sim-
ulations were carried out in the MalK sys-
tem with either R139/Q140 swapped or
Q140/R141 swapped. The NBDs in these
two sets of simulations do not reach full
opening, however, the H-bonds between
S135 and ATP are clearly weakened, sug-
gesting the NBD dimer interface is indeed
destabilized. In the MalK structure, the lo-
cation of the LSGGQ motif is at the N-terminal of a structurally conserved helix at core
of the helical subdomain, where R139 and R141 reside on the opposite sides of the helix
and both facing the NBS with the tip of their side chains. Since the two basic residues
are not interchangeable with a flanking glutamine, it is speculative that their function is
to attract ATP from both sides of the helical subdomain and help the H-bond donor at
H135 aiming at the ATP γ-phosphate. The ATPase activities of four R139/R141 mutants
(R139Q, R141Q and R139Q/Q140R, Q140R/R141Q double mutants) have been tested by
experimental collaborators in Purdue University, and all mutants shown largely impaired or
completely abolished ATPase activities. Although the NBD conformations have not yet been
directly measured in these mutants, the results of MD simulations have suggested that the
lost of ATPase activity might due to failed dimerization since these residues do not directly
interact with ATP and do not take part in catalysis. It is likely that the R139Q/Q140R and
Q140R/R141Q MalK double mutants do not dimerize due to sub-optimal orientations of the
basic residues after swapping with the flanking glutamine, i.e., the presence of positively
charged residues in the LSGGQ motif is necessary but not sufficient for the ATP-dependent
NBD dimerization, due to the requirement of correct orientations of these residues.
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4 Coupling Between the NBDs and the TMDs†
4.1 Introduction
In order to facilitate transport, the open and closure of the NBDs must be coupled to
the conformational changes of the TMDs between the IF and OF states. In the general
mechanism of ABC transporters, ATP hydrolysis results in the separation of the NBDs
from a closed dimer, which in turns triggers the conversion of the TMDs from the OF state
toward the IF state. Conversely, the ATP-dependent closure of the NBDs promote the IF-
to-OF conformational transition. Although this mode of conformational coupling has been
debated whether generally applicable to all different subfamilies of ABC transporters [48,
50,57,58], the TMD conformations in crystal structures of type I ABC importers and ABC
exporters [32, 34, 35, 37–45, 47, 49] are mostly consistent with this mechanistic model. On
the other hand, TMDs of ABC transporters, regardless of the subfamilies, all share a same
structural feature: a helix perpendicular to the transmembrane helices that inserts into a
deep groove in the NBDs between the RecA-like subdomain and helical subdomain. Due to
the universal presence and its location, this helix has been suggested to be responsible for
the NBD-TMD coupling, and thus termed the “coupling helix” [51,77].
In this chapter, MD simulations were used on the ATP-bound, OF state structure of the
maltose transporter [37] to investigate the dynamics of the transporter in different combi-
nations of its structural components. It is found that the coupling helices can be conforma-
tionally decoupled from the rest of the TMD structures in the absence of the NBDs. The
NBD-TMD coupling is achieved by the formation of a rigid body, which contains the core of
the TMD and the helical subdomain of the NBD and is connected through the association
of three conserved motifs at the NBD-TMD interface—the EAA loop of the TMDs (where
the “coupling helix” forms a part of its structure), the Q-loop and its flanking ENI motif of
the NBDs. Comparing the structures at the NBD-TMD interface, it is concluded that this
†This chapter appeared as a research article in Biophysical Journal [94]. P.-C. Wen and E. Tajkshorshid,
“Conformational Coupling of the Nucleotide-Binding and the Transmembrane Domains in ABC Trans-
porters”. Biophysical Journal, 101(3):680–690, 2011. doi: 10.1016/j.bpj.2011.06.031
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(A) (B) (C) (D)
Figure 17: The four simulation systems used in this study.
three-motif coupling mechanism is uniquely conserved only in type I ABC importers.
4.2 Methods
4.2.1 Simulations of the Full Maltose Transporter
The simulation systems were constructed base on the crystal structure of the E. coli mal-
tose transporter in the OF, ATP-bound, and substrate-associated state (PDB: 2R6G [37],
Fig. 17). The unresolved loops of MalF:D243–G244 and MalG:E68–R73 were not included
in the structural model, and a peptide bond was used to directly connect the residues before
and after the unresolved ones. The ATPase-suppressing MalK:E159Q mutation was reversed
in both NBDs. The transporter structure was placed in POPE membrane and equilibrated
using the stranded procedures mentioned in section 1.2.
Due to the absence of Mg2+, the bound ATP in the crystal structure does not match
an ideal conformation and the orientation of the β- and the γ-phosphates cannot support
a 6-coordinated Mg2+ in between (Fig. 18). The ATP structures are therefore replaced by
MgATP, using the ATP-bound structures of isolated MalK (PDB: 1Q12 [29]) and MJ0796
(PDB: 1L2T [27]) as reference. In detail, the structures were superimposed at the backbone
atoms of MalK:S38–T43 and MJ0796:S40–S45, and the coordinates of ATP from the isolated
MalK structure was transferred to the full transporter model, while Mg2+ was modeled
31
Figure 18: Configuration of ATP, Mg2+ and water coordinating the Mg2+ before (left) and after (right)
the structural optimization during the model building.
based on the the Na+ coordinates in the superimposed MJ0796 structure. A 3000-step
energy minimization was performed on the structural model of the full transporter, resulting
in a stable model without any major conformational changes in the protein. Of particular
importance, the placed Mg2+ became six-coordinated by ATP, water and two protein residues
in both NBSs, especially the the Q-loop glutamine MalK:Q82 established Mg2+ coordination
upon minimization (Fig. 18).
After initial equilibration and 10 ns of equilibrium simulations, the simulation system
was branched into four different sets (Fig. 17): (A) MgATP-bound, full transporter; (B)
nucleotide-free, full transporter; (C) nucleotide-free, periplasmic truncated system, which
was constructed by removing the entire MalE and MalF:E94–L258 from System B; and (D)
transmembrane-only system, which was built by further removing the two MalK monomers
from System C. The three truncated systems (B–D) require further equilibrations and
was handled differently. System B was equilibrated with the protein restrained for 0.5 ns
(k = 5 kcal/mol·A˚2), allowing water to enter the NBSs and fill in the void that created due to
nucleotide removal. Since the construction of Systems C and D involved the removal of entire
domains and the creation of newly exposed surface, the structures of protein and membrane
in the two systems were re-solvated into smaller water boxes and further equilibrated with
the protein restrained for 0.1 ns (k = 5 kcal/mol·A˚2), to allow the solvation of the exposed
surfaces. Moreover, in order to avoid artificially introduced charged species at the truncation
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sites after the removal of the periplasmic loop of MalF, the two newly introduced termini
were capped with acetamide (N-terminus of MalF:T259) and N-methylamide (C-terminus of
MalF:N93) groups, respectively.
Starting from the deviating time point, all four systems were simulated for 70 ns and
repeated with different initial velocities randomly assigned to each atom. In the following
discussions, these simulation systems are referred to as Systems A1, A2, B1, B2, C1, C2,
D1, and D2.
4.2.2 Data Analysis
Figure 19: The location of
EAA loops in the TMDs. The
EAA1 helices (coupling helices)
are colored green and EAA2 he-
lices are colored purple.
The key conformational changes in the simulations were quan-
tified as (i) the degree of dimer opening in the NBDs at the
two NBSs, and (ii) the separation of the two coupling helices
(EAA1), and that of the flanking helices (EAA2), which are po-
sitioned closer to the core of the TMDs. The NBD dimer open-
ing is measured by the CoM distance between the RecA-like
(MalK:A2–Y87, P152–G235) and the helical (MalK:P88–E151)
subdomains of opposing monomers (Fig. 2). The separation of
the two EAA1 helices is defined as the CoM distance between
MalF:P396–G407 and MalG:D185–G196, where only backbone
atoms were included in the calculation. The separation of the
two EAA2 helices is defined in the same manner using residues
MalF:F411–L422 and MalG:W200–S211 (Fig. 19).
To identify the structural elements responsible for the NBD-TMD coupling, general-
ized correlation between all Cα pairs in the simulations was calculated using the toolkit
g correlation [95] for GROMACS 3 [96]. To further examine the relative movements at the
NBD-TMD interface, the simulation trajectories were superimposed onto the initial struc-
ture (equilibrated ATP-bound full transporter) using the Cα atoms of the two EAA helices
(either MalF:P396–L422 or MalG:D185–S211), and the Cα deviation of each residue in the
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flanking NBD was recorded for each frame (chain B for MalF superposition and chain A
for MalG superposition). The Cα displacements and fluctuations of the NBDs in the simu-
lations were calculated after these superpositions and compared as distributions using five
characteristic values: maximum, 75 percentile, mean, 25 percentile and minimum.
Similar alignments were employed on several type I ABC importer structures: (i) the
maltose transporter MalFGK in the inward-facing, nucleotide-free state (PDB: 3FH6 [41]),
(ii) the molybdate/tungstate transporter ModABC of A. fulgidus (PDB: 2ONK [35]), which
was superimposed at ModB:D155–S181, (III) the molybdate/tungstate transporter ModBC
of M. acetivorans (PDB: 3D31 [39]), which was superimposed at ModB:D167–S193, and (IV)
the methionine transporter MetNI of E. coli (PDB: 3DHW [40]), which was superimposed
at MetN:P116–A142. As the NBDs in these transporters do not include the same number of
Cα atoms, the Cα displacements and fluctuations were calculated only for the Cα atoms at
aligned positions after structure-based sequence alignment using the Multiseq [97] plug-in of
VMD.
The same structural analysis of the NBD-TMD interface was also applied to other sub-
families of ABC transporters. For type II ABC importers, the crystal structure of the E.
coli vitamin B12 transporter (BtuCDF, PDB: 2QI9 [36]) was superimposed to the struc-
ture of a homolog (HI1470/1, PDB: 2NQ2 [33], later known as molybdate/tungstate trans-
porter MolBC of H. influenzae [98]), using the structural elements BtuC:S206–P227 and
MolB:S213–K234, while the Cα displacements and fluctuations of their NBDs were calcu-
lated based on the sequence alignment provided in the on-line supporting material of ref. [33].
For ABC exporters, the crystal structure of S. aureus multidrug exporter SAV1866 (PDB:
2HYD [32]) was selected as the reference for superposition of other ABC exporter structures,
including several structures of bacterial lipid A flippase MsbA [38] (from E. coli, PDB: 3B5W;
from V. cholerae, PDB: 3B5X; and from S. typhimurium, PDB: 3B5Y,3B5Z,3B60), as well
as the multidrug exporter Pgp of M. musculus (PDB: 3G5U [42]). The structures of ABC
exporters were superimposed at the two intracellular loops (ICLs) of the TMDs, where one
set of ICLs contains the ICL1 of one TMD and the ICL2 of the other TMD. Here the ICL1
34
is defined as SAV1866:A106–Q116, MsbA:G/H110–S120, Pgp:N153–D163 (for NBD1 analy-
sis), and Pgp:R794–K804 (for NBD2 analysis), and ICL2 is defined as SAV1866:R206–I218,
MsbA:M210–G222, Pgp:A896–R908 (for NBD1), and Pgp:V253–G265 (for NBD2). The
analysis of NBD Cα atoms in ABC exporters was also based on equivalent positions from
structure-based sequence alignment.
4.3 Results and Discussions
4.3.1 Conformational Response of the NBDs to Nucleotide Removal
In type I ABC importers, the coupling helices are part of a conserved, two-helix motif termed
the “EAA loop”, a motif exhibiting highly homologous sequences shared by both type I and
type II ABC importers [99]. The EAA loop had been predicted to be composed of two
amphipathic α-helices connected by a loop [99], a feature that was later verified in all crystal
structures of ABC importers to date. Interestingly, the orientations of the two helices in the
EAA loop are opposite between type I and type II ABC importers: in terms of the protein
sequence, the coupling helix is the first helix of the EAA loop in type I ABC importers,
making direct contacts with the NBDs, while the second EAA helix is located right above
the coupling helix, in a closer proximity to the core of the TMDs. The two helices will be
referred to as “EAA1” (the coupling helix) and “EAA2” (the second EAA helix) hereafter
(Fig. 19).
According to the general mechanism, the nucleotide removal from the NBDs in Systems
B and C is expected to result in significant conformational changes. Two types of confor-
mational changes are considered relevant here: the change of the dimerization state of the
NBDs, and the degree of conformational changes transmitted from the NBDs to the TMDs.
To quantify the extent of these conformational changes, the former is measured by the “de-
gree of NBD opening” at both NBSs, while the latter is measured by the “separation of
EAA1/EAA2 helices” since the EAA loops are the structural elements in the TMDs that
physically contact with the NBDs, and thus are expected to move with the NBDs.
System A preserves all the components of the intact transporter, and thus serves as a
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Figure 20: The opening of the NBDs (left) and the separation of the EAA1/EAA2 helices (right) during
the simulations.
control system. The transporter in two sets of simulations (A1 and A2) maintains a stable
conformation both in the NBDs and in the TMDs. The distances between subdomains
and between ATP-binding motifs clearly shown that the NBD dimer maintains its fully
closed conformation throughout the two sets of 70 ns simulations (Fig. 20). Removing the
nucleotides (MgATP) from the NBDs (Systems B and C), on the contrary, results in large
conformational changes in the NBDs. In both Systems B1 and B2, an immediate opening
of at least one NBS is observed (Fig. 20). The NBD opening appears to be symmetric in
System B1, with an average opening of 2.5–3.5 A˚ at both NBSs, reaching a conformational
state similar to the semi-open form of isolated MalK [29]. On the other hand, significant NBD
opening is only observed in one NBS in system B2. This asymmetric NBD opening is also
observed in both Systems C1 and C2 (Fig. 20). The NBD opening does not always occur at
the same site in these three sets of simulations with asymmetric NBD openings. The degree
of opening in these sites is mostly comparable to, if not larger than, the symmetric opening
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of binding sites in System B1, except for System C2 where the opening of site B is only ∼2 A˚.
However, the degree of NBD opening in any of these simulations are much smaller than the
observed opening in the resting state structure of the maltose transporter [41]. Considering
that the dimer opening due to nucleotide removal from an isolated, completely closed NBD
can be captured with relatively short MD simulations [85], the small degree of NBD opening
observed here is likely due to the structural constraints imposed by the TMDs.
Moreover, three of the four simulations show the opening at only one of the two NBSs after
nucleotide removal, also likely the consequence of the slower dynamics due to the presence
of the TMDs. Within the vacant yet closed nucleotide binding sites, H-bonds can often be
observed between the side chains of the Walker A and LSGGQ motifs from the opposing
NBDs, especially between S38 and S135 of MalK. In addition, a number of van der Waals
contacts and H-bonds can also be occasionally observed between the two NBD monomers at
the Q-loops and the D-loops. It is not clear whether these transient contacts and interactions
help maintaining the closed binding sites or are merely the structural consequences due to the
trapped closed NBS. The fact that the NBD opening can occur at either site or both, suggests
that the NBD opening is a stochastic event, where the lifetime of the closed conformation
can be extended by the structural restraints from the TMDs, and possibly by transient
interactions between the two NBD monomers.
4.3.2 Effect of NBD Opening on the EAA Loops
Depending on the level of NBD opening in Systems B and C, various degrees of separation
at the EAA helices can be observed (Fig. 20). In contrast, the distances both between EAA1
helices and between EAA2 helices are relatively constant in control simulations (Systems A1
and A2). The two sets of EAA helices in Systems A1 and A2 exhibit only a slight variation
from the original crystal structure, on the order of ∼1 A˚. The largest separation at the
EAA helices occurs during the simulations of System B1, reaching ∼4 A˚ greater separation
than in the starting crystal structure. None of the other three nucleotide-free simulations
(Systems B2, C1, and C2) yielded comparable separation of the EAA helices, a behavior
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that might be related to the observed asymmetric NBD opening in these simulations. The
separation of the EAA helices is naturally affected by the number of opening NBS during
the simulations. For example, with both nucleotide binding sites open, the EAA helices in
System B1 are able to separate almost twice the amount in System B2, even though the
opening of one of the NBSs in System B2 is larger than either site of System B1. One might
speculate that the conformational conversion of the TMDs from the outward-facing state to
the inward-facing state requires the opening of both NBSs, and the constant contact model
of the NBDs would not trigger relevant conformational changes in the TMDs for substrate
transport. Note that even both NBSs are required to open, it does not necessarily entail
that both bound nucleotides have to be hydrolyzed, as earlier simulations of isolated MalK
have demonstrated that a lost of an H-bond in only one NBS is sufficient to destabilize the
dimer interface of NBDs and lead to the opening of both sites.
4.3.3 NBD Dependence of the Coupling of the EAA Helices
The most unexpected results are obtained when the two NBDs are completely removed from
the simulation system (Systems D1 and D2, Fig. 20). In Systems A–C, the EAA1 distance
is always closely related to the EAA2 distance. On the contrary, the EAA1 helices exhibit
very large fluctuations in Systems D1 and D2, covering distances both ∼5 A˚ longer and
shorter than that observed in the crystal structure, while the EAA2 helices mostly maintain
the same level of separation. The residue-wise correlations within the EAA loops also show
that the internal coupling of the EAA loops is largely abolished in both Systems D1 and D2
simulations. The values in the correlation map clearly indicate that, in the absence of the
NBDs, the “coupling helices” (EAA1 helices) are largely “decoupled” from the rest of the
TMDs, whereas the EAA2 helices maintain their tight coupling to the core of the TMDs.
Examining the detailed structures of the EAA loops, especially at its interface with the
NBDs, it is found that the “decoupled” behavior observed in the absence of the NBDs
is likely due to the partial disruption of the local tertiary structure. The NBDs provide
essential contacts to stabilize the relative conformation between the two EAA helices, in a
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way analogous to a latch locking in between two gates. The participation of the NBDs in the
folding of EAA loops seems to be a conserved feature among type I ABC importers. Upon
close inspection of the contacts between the EAA loops and the NBDs in all simulation
trajectories of Systems A–C, as well as in crystal structures of type I ABC importers, it
is found that the positions of NBD-TMD contacting residues are almost identical in all
these structures. Specifically, besides the majority of the EAA1 helices, only five residues
in each EAA2 helix contact the NBDs. The TMD contacting residues in the NBDs, on the
other hand, are highly clustered around the Q-loop, except for a few ones at the first loop
after the Walker A motif, and at the first helical turn of the helical subdomain. Notably,
the latter part belong to the “structurally diverse region” (SDR [26]) of ABC transporters,
which varies from transporter to transporter. The high degree of spatial resemblance of the
NBD-TMD contacts, and the positional identity of the contact residues in the NBDs despite
their low degree of local sequence homology, all suggest a common mechanical coupling and
mechanism of molecular recognition between the NBDs and the EAA loops in type I ABC
importers.
Aside from the EAA loops, the core of the TMDs (helices TM5–TM7 of MalF and TM3–
TM5 of MalG [41]) does not show any noticeable structural changes during the simulations
of Systems D1 and D2. Although the lack of structural changes in TMDs and EAA2 helices
in Systems D1 and D2 might well be related to the limited time scale of our simulations, the
successful capturing of conformational changes within the same time scales in other simula-
tion systems (Systems B and C) might suggest otherwise. One might speculate that the lack
of conformational change and zero separation of EAA2 helices in System D may be an indi-
cation of the presence of another low-energy conformational state (“resting” state) for the
isolated TMDs, and that the true resting state of the transporter is determined by the asso-
ciated NBDs when they become open in the nucleotide-free or ADP-bound states. adopted
by the TMDs is selected by the conformational state of the associated NBDs. The conforma-
tional energy landscape of the TMDs can be further characterized by MD simulations using
the inward-facing crystal structure of the maltose transporter [41].
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4.3.4 Identifying the NBD-TMD Coupling Elements
The correlation of Cα fluctuations during simulations was calculated for Systems A–C be-
tween each MalK monomer and its flanking TMD (MalF or MalG),using the generalized
correlation method [95]. The highest correlated regions are always between the EAA loops
Figure 21: Generalized correlations between residues in different parts of the maltose transporter structure.
For each simulation system, data from two set of trajectories were combined for the calculation of generalized
correlations. (A) Internal correlations within the EAA loops for MalF (top left triangle) and MalG (bottom
right triangle). (B) Cross correlations between residues in the NBDs and in the TMDs. Data on the left
panels are correlations between chain B (MalK) and chain F (MalF), and on right panels are between chain
A (MalK) and chain G (MalG). Conserved motifs and locations of the transmembrane helices are labeled
along the axes.
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of the TMDs and a region in the junction of the two subdomains of the NBDs, including
Q-loop and nearby residues (Fig. 21). Also, the correlation of NBD residues with respect
to the TMD residues is generally higher in the helical subdomain than in the RecA-like
subdomain. To identify the structural elements involved in the NBD-TMD coupling, the
simulation trajectories were superimposed at the EAA loops, and Cα atoms in the NBDs
with highest correlated motions would show least relative displacements and fluctuation lev-
els (Fig. 22). Analyzing the distributions of Cα displacements in Systems A–C, it is found
that the residues in the helical subdomain indeed show lower mean relative deviations and
smaller fluctuations than residues in the RecA-like subdomain (Fig. 23). The helical subdo-
main, therefore, exhibits closer coupling to the TMDs than the RecA-like subdomain. The
relative deviations and fluctuations in the NBDs are especially low at G78–L102 (Fig. 23,
A–C, highlighted in yellow bands), which matches the region exhibiting highest correlations
to the TMDs.
Given that the EAA loops are highly conserved in type I ABC importers, the above
structural analysis can also be applied to other crystal structures of this subfamily (Fig. 22,
C–F). It is found that the region corresponding to MalK:G78–L102 in NBDs of other type
I ABC importers also show generally lower relative Cα displacements to the EAA loops
(Fig. 23D), indicating the presence of a structurally conserved region in the NBDs of this
subfamily, whose role is to closely couple to the EAA loop of the TMDs. Note that the crys-
tal structure serving as the reference here (PDB: 2R6G [37]) is the only one whose NBDs are
ATP-bound and in the closed state, while all other structures (including the maltose trans-
porter in the resting state, PDB: 3FH6 [41]; two molybdate/tungstate transporters, PDB:
2ONK [35] and PDB: 3D31 [39]; as well as the methionine transporter, PDB: 3DHW [40])
are all crystallized in the absence of nucleotides, hence exhibiting various degrees of NBD
opening. It can be therefore concluded that the NBD-TMD coupling mechanism is conserved
in the subfamily and the relative conformations at the NBD-TMD interface is not affected
by the nucleotide binding states, the presence and absence of BP and substrates, nor the
inhibitory states in the NBD-associated RDs.
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Figure 22: Conformational coupling between the NBDs and the EAA loops. The starting structure of
System A was superimposed with other structures at the EAA loop (green and purple helices connected
by an orange loop, where the reference structure from System A is shown in glossy material and the other
structure in faded color). To compare the NBD structure after such superposition, the NBDs of the reference
structure was colored red and the others colored accordingly: (A) end structure of System B1 in cyan, (B)
end structure of System C1 in teal, (C) crystal structure of the maltose transporter at the resting state in
dark blue, (D) crystal structure of the A. fulgidus molybdate/tungstate transporter in yellow, (E) crystal
structure of the M. acetivorans molybdate transporter in brown, (F) crystal structure of the methionine
transporter in gray. Both top (extracellular) view and side view are provided in each panel, and the position
of MgATP in System A were shown for the reference of NBS locations.
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Figure 23: Relative displacements and fluctuations of NBD Cα atoms to the EAA loops in simulations
of Systems A–C (A–C), and between crystal structures of type I ABC importers (D). The distribution of
relative Cα displacements in A–C are shown as box plots, where 25–75 percentiles are boxed with the average
displacement at the center, while the full range (0 and 100 percentile) covered by dotted lines. The regions
covered by RecA-like subdomains and helical subdomains are labeled in plots, and the region with lowest
relative displacements highlighted with yellow bands. (E) TMD-coupling region in the NBDs. Showing the
initial structure of System A from the same viewpoints in Fig. 22, and the region highlighted in panels
A–D is colored in cyan, and Cα atoms of the Q-loop and ENI motifs shown in brown and yellow spheres,
respectively.
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4.3.5 Structural Characterization of the NBD-TMD Coupling Motifs
Figure 24: TMD-coupling motifs in the
NBDs. (A) Structure-based sequence align-
ment of type I ABC importers near the
highly TMD-coupled region. (B) TMD-
coupling motifs of MalK and their struc-
tural roles. The color scheme in Fig. 23E is
followed. Key residues involving the func-
tion of the ENI motif (Y87, V92, N95, M96)
are shown in sticks, the H-bonds between
Y87 and N95 are highlighted in dotted lines.
Structurally the region MalK:G78–L102 covers the
entire Q-loop and parts of secondary structure ele-
ments at both ends of the Q-loop. Interestingly, two
conserved motifs can be identified in this region: the
Q-loop [100] and the ENI motif [101] (Fig. 24). While
the former has been known for its role in TMD bind-
ing [51, 77], the functional and structural role of the
latter is not well understood, since it does not ap-
pear participating in the NBD-TMD contacts in the
structures of the full ABC transporters. The possi-
ble role of the ENI motif, however, can be deduced
from the observed high TMD-correlation at the en-
tire helical subdomain. In the structure of the helical
subdomain, the hydrophobic core is largely partici-
pated by the the conserved hydrophobic residues in
the ENI motif (for example, V92 and M96 of MalK,
Fig. 24B), whereas the strictly conserved asparagine
(MalK:N95) provides two H-bonds with the backbone
of a Q-loop residue (MalK:Y87), whose side chain
heavily involves TMD contacts (Fig. 24B). The H-
bonds between ENI motif and Q-loop can provide
anchoring points locking the relative orientation be-
tween the two motifs; and the participation of the
ENI motif in the hydrophobic core of the helical subdomain the TMD coupling can be ex-
tended to cover the majority of the helical subdomain. One can expect that the mutation
of this strictly conserved asparagine (MalK:N95), even to a structurally similar aspartate or
glutamine, might result in decoupling between the helical subdomain and the EAA loop due
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to a loose linkage, whose phenotype might be similar to a mutation at a residues directly
involving the contacts between the Q-loop and the EAA loop, such as the phenotype of the
L86F mutant of MalK [102].
Note that when superimposing different structures at the EAA loop, the area near the
LSGGQ motif is also showing lower Cα displacements than the SDR (Fig. 23). This suggests
that the structural connection between the ENI and the LSGGQ motifs is likely through
direct contacts at the hydrophobic core of the helical subdomain, but not due to the sequence
proximity along the peptide chain. In summary, the NBD-TMD coupling is achieved through
a network of interactions extending from the core of the TMDs to the EAA loop, then to the
Q-loop, and through the ENI motif to reach the helical subdomain of the NBDs, especially
to the strictly conserved LSGGQ motif that takes part in nucleotide binding. All these
structural components can be viewed together as an internally tightly coupled (rigid) body
during the conformational switching of the transporter.
Comparing isolated NBD structures in the ATP-bound form and those in the ADP-
bound/nucleotide-free forms, a relative rotation of the helical subdomain with respect to
the RecA-like subdomain can be identified [27, 28]. However, since the helical subdomain is
more closely coupled to the TMDs than the RecA-like subdomain, the helical subdomain is
expected to maintain its relative orientation with the TMDs through the coupling mecha-
nism discussed above, whereas the RecA-like subdomain changes orientation upon nucleotide
binding, hydrolysis and exchange. This viewpoint challenges the convention of treating the
RecA-like subdomain as the center of the NBD (thus it is also named the “core” subdomain),
and seeing it as the immobile part of the NBD in different states.
4.3.6 NBD-TMD Coupling in Other ABC Transporter Subfamilies
Since the coupling helix is a conserved structural motif in ABC transporters, the above
analysis can be applied to structures of different ABC transporters to examine the NBD-
TMD coupling mechanism in other subfamilies.
The EAA loop is also a conserved motif in the TMDs of type II ABC importers. However,
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its structure is completely different from the EAA loop of type I ABC importers. Based
on crystal structures of several different type II ABC importers [31, 33, 36, 46, 48, 50], the
orientation of the EAA helices, as well as the relative positions of the two EAA helices, are
opposite to the EAA loops in type I ABC importers. In type II ABC importers, the helix
EAA1 is closer to the core of the TMDs, and helix EAA2 is attached to the NBDs; the loop
connecting EAA1 and EAA2 helices in type II ABC importers is closer to the central axis of
the two TMDs, whereas in type I ABC importers this loop is at the periphery of the TMDs.
In addition, the TMDs of type II ABC importers make a lot more contacts with the SDR of
the NBDs than the TMDs of type I ABC importers.
Figure 25: Relative NBD Cα displacements with regard to the EAA
loops in type II ABC importers.
It has been proposed that
type II ABC transporters uti-
lize different transport mech-
anism due to the oppositely
coupled NBD-TMD conforma-
tions [48, 50], that is, NBD
dimerization triggers the for-
mation of IF state and vice
versa, contrary to the general
mechanism which is based on
the structures of type I ABC
importers. When the crys-
tal structures of nucleotide-
free BtuCDF (PDB: 2QI9) and MolBC (PDB: 2NQ2) were superimposed at their EAA
loops, the Cα displacements in the NBDs suggest that the mode of NBD-TMD coupling is
indeed different from that of type I ABC importers. Firstly, displaced Q-loop suggests that
it might not be the major role player in the coupling of TMDs. Instead, the region with least
relative movements to the EAA loop is around the periphery of the helical subdomain that is
away from the NBD dimer interface. Therefore, the NBD-TMD coupling mechanism in type
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Figure 26: Relative NBD Cα displacements between structures of different ABC exporters when the two
ICLs of the TMDs are superimposed.
I ABC importers is more likely through direct contacts between the TMD and the helical
subdomain, especially at the SDR. This is consistent with the lower sequence homology in
Q-loop of type II ABC importers, as well as the absence of the ENI motif in this subfamily,
since the structural roles of these motifs are no longer required. The detail of the NBD-
TMD conformational coupling yet requires further investigations, especially in the level of
protein dynamics since the crystal structures cannot provide a pathway for conformational
transitions between the IF and the OF states.
On the other hand, the ENI motif is strictly conserved in the NBDs of ABC exporters,
while the EAA loop is absent from their TMDs. The NBD-TMD interface in ABC exporters
is also largely different, that each NBD is in contact with both TMDs at their ICLs, and
is often covalently linked to one of the TMDs as a single polypeptide chain. To investigate
the NBD-TMD coupling, several crystal structures of ABC exporters in different confor-
mational states were superimposed using their ICLs, where each set of ICLs contain two
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NBD-contacting helices, one from each TMD. The relative Cα displacements after the su-
perpositions do not provide a clear picture of highly coupled regions, it is possible that the
conformations of the NBDs and of the TMDs in ABC exporters, are not as highly coupled
as in type I ABC importers. This might explain the tightly regulated ATPase activity in
some type I ABC importers [103], whereas some ABC exporters (e.g., Pgp) exhibit signifi-
cant substrate independent basal ATPase activity that contribute an important part of the
kinetic model for transport [104].
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5 Conformational Dynamics of P-glycoprotein‡
5.1 Introduction
One major obstacle in treating cancer is the development of multidrug resistance phenotype
(MDR) against chemotherapy. Cancer cells expressing the MDR phenotype often express
various molecular pumps at the cell membrane that expel the cytotoxic drugs out of the
cell [10]. Many of these pumps are ABC transporters, and among them Pgp (also known
as MDR1 or ABCB1) confers strongest resistance to widest variety of drugs [10]. Pgp has
drawn significant biomedical attention, not only as a novel drug target against the MDR
phenotype of cancer [106], but also for its roles in determining the pharmacokinetics [107]
and drug-drug interactions [108–110] in general medicines. Since drugs expelled by Pgp
are structurally diverse, it is necessary to understand its molecular mechanism through a
structural approach, and even with the protein dynamics.
Crystal structures of murine Pgp has been resolved in the nucleotide-free state [42, 49].
Although Pgp is expressed in a single polypeptide chain, its structure can be divided into two
“half-transporters”, each contains one TMD and followed by one NBD, and the two halves
are connected with a structurally unresolved peptide linker. The putative drug binding site is
identified in inhibitor-bound structures [42], which appears as a large cavity in the middle of
the two TMDs. The residue compositions in the drug binding cavity is mostly hydrophobic,
which explains the poly-specificity of Pgp by substrate recognition largely independent of
specific interactions [42].
Crystal structures of ABC exporters, including that of Pgp, have been shown to support
the general mechanism of ABC transporters, that the IF conformation is captured when at
least one NBS is vacant [38,42,47,49] while structures in the OF state can only be obtained
when the two NBDs are ATP-bound [32, 34, 38]. However, kinetics of ATP hydrolysis and
drug transport in Pgp can not be explained with only two states [104]. Multiple models have
‡This chapter is included in a research article in Journal of Biological Chemistry [105]. P.-C. Wen et
al., “On the Origin of Large Flexibility of P-glycoprotein in the Inward-Facing State”. Journal of Biological
Chemistry, 288(26):19211–19220, 2013. doi: 10.1074/jbc.M113.450114
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been proposed for the mode of action in NBDs upon ATP binding and hydrolysis [24, 64],
as well as in combination with the IF or OF conformations of the TMDs [111–113]. Some
of the models include alternating hydrolysis in the two NBSs and asymmetric conformation
of the transporter, which is not consistent with most structures of ABC exporters. One of
the major controversies relative to the structural inconsistency that whether the nucleotide-
free, IF structures represent physiological relevant conformational states. The presence of a
nucleotide-free Pgp in vivo is confronted by the KATPm and K
ATP
d determined in vitro, where
the values are known to be lower than the cellular ATP concentration [114–116]. Therefore,
it is likely that the NBSs of Pgp are constantly occupied with different nucleotide species,
and the transport cycle is a repetition of hydrolysis and nucleotide exchange without passing
through an apo state. The persistent nucleotide presence in the NBDs implies that the NBDs
may not separate to the degree shown in the Pgp structure, as suggested in some biochemical
studies [117,118].
Besides the dispute about the apo conformation, it is speculated whether Pgp follows the
general mechanism of ABC transporters, and whether its mechanism is similar to another
ABC exporter. For example, unlike most bacterial ABC exporters that are homodimers
of two half-transporters, Pgp is a single gene product and its structure is thus intrinsically
asymmetric. Yet, when compared with other asymmetric mammalian ABC exporters, both
NBDs in Pgp are hydrolytic, in contrast to many ABCC subtype multidrug-resistant proteins
(MRPs [119]) with one degenerate NBS containing dysfunctional catalytic dyad [53]. Most
of all, Pgp has a significantly high basal hydrolysis rate that its substrates only stimulate
the ATPase activity at five to ten folds [104], in sharp contrast to highly regulated ABC
transporters like the maltose transporter, where the ATPase activity differs by several orders
of magnitude due to the presence and absence of BP-bound substrate [103].
In this chapter, Pgp structure was simulated with several repetitions in membrane, and
multiple conformations have been captured, indicating a large degree of conformational fluc-
tuation in the IF state. MgATP was docked into the NBSs in the simulations as well, and
resulting little population shift in comparison with the large pool of conformations captured
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in the apo simulations. The large fluctuation of Pgp appears to originate from the helical
kinking and/or unwinding within the TMDs, but is more pronounced in the NBDs due to the
amplified motions when being away from the membrane. The flexible nature of Pgp may be
directly related to its prominent basal ATPase activity, that the transporter is able to form
nucleotide-bound NBD dimer independent of the transport substrate due to its structural
flexibility, indicating that the NBD conformation and TMD conformations can be partially
decoupled.
5.2 Methods
5.2.1 Construction of Simulation Systems
The crystal structure of murine Pgp in the apo state (PDB: 3G5U [42]) was used for the
construction of membrane-embedded models for MD simulations. The polypeptide chain
A in the asymmetric unit of the structure was used for model building with the mercury
ions associated at the protein structure removed, as well as the C952A mutation reverted
to the wildtype sequence. The model contains two isolated peptide chains covering V33–
T626 and L684–A1271 respectively, and the unresolved regions at both termini (M1–A32,
G1272–H1284) were not modeled since they only contain the signal anchor and the His-
tag sequences; the peptide linker between the two half-transporters (A627–A683) was not
modeled due to lack of structural information for model building, since studies have shown
that Pgp maintains its activity after a peptidyl cleavage at the linker region [120–122], or
even expressed as two separate polypeptides without the linker [123], suggesting the two
halves do not necessarily to be covalently connected. Due to the incomplete polypeptide
chains in the model, the two N-termini (V33 and L684) were capped with acetamide groups
and the two C-termini (T626 and A1271) were capped with N-methylamide groups, in order
to eliminate the net charge from the amino and carboxylate groups.
The structure was placed in a POPE bilayer, since POPE is included during the pu-
rification and functional characterization of Pgp [42], and detergent solubilized Pgp can
be activated with E. coli lipids [124]. The conformation and dynamics of the transporter
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Figure 27: The overview of four simulation systems of Pgp in this study. The Pgp structures in the four
systems were rotated about the central axis in different degrees before inserting to membrane.
can be affected by the initial lipid contacts upon membrane insertion of the structure. In
order to enhance conformational sampling during the simulations, four simulation systems
(named Systems 1 to 4 hereafter) were created by placing the Pgp structure in the mem-
brane with different levels of rotations about the central axis of the structure (System 1:
0 ◦, System 2: 180 ◦, System 3: 30 ◦, and System 4: −30 ◦, Fig. 27), thus allowing different
initial protein-lipid contacts. The membrane-embedded Pgp systems were equilibrated using
standard protocols described in section 1.2.
In the initial model, several charged residues (K822, E913 and E1080) were neutralized
based on the pKa predicted for these residues by the PROPKA web server [125]. However, af-
ter equilibration simulations all these residues became solvent exposed and predicted charged
in repeated pKa calculation with the PROPKA server. Therefore, all residues in Pgp were
modeled in the default protonation states in the production simulations. The production
simulations were carried out for 50 ns in each of the four systems, and were integrated using
2 fs timesteps.
5.2.2 MgATP Docking at the Walker A Motifs
The NBS conformation in the apo-Pgp structure is different from those of MgATP-bound
ABC transporters. In order to simulate the transporter with bound MgATP and to prevent
the spontaneous nucleotide dissociation during simulations, the conformation of the NBS
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needs to be meticulously remodeled to fit the nucleotide, especially at the Walker A motif.
Figure 28: The docking of MgATP at the Walker
A motif. Showing the NBS of NBD1 t = 0.5 ns in Sys-
tem 1, and the “extrabonds” employed in the simula-
tions for MgATP docking are shown as dotted lines.
Similar arrangements were applied in NBD2 of the
same system, as well as in all other systems.
Many strictly conserved residues in
the NBS are essential nucleotide-binding
residues, which provide specific interactions
to recognize atoms of MgATP. Taking ad-
vantage of these highly conserved nucleotide
binding residues in the NBSs, the interac-
tions in an MgATP-bound homolog struc-
ture can be adopted for the docking of
MgATP and conformational remodeling of
the NBSs. Here the structural template used
is the isolated H662A mutant NBD of the E.
coli hemolysin exporter HlyB in its MgATP-
bound, dimeric form [82]. To transfer the
coordinates of MgATP from the HlyB structure to the Pgp simulation system, the NBDs of
Pgp were individually superimposed to the chain A of the HlyB-NBD structure, using the
secondary structure elements at both sides of the Walker A motif as reference. In detail, Cα
atoms of E496–G502 and G507–R517 in HlyB were superimposed with the first NBD (NBD1)
of Pgp at Q417–G423 and G428–R438, and the same sets of HlyB atoms were superimposed
with the second NBD (NBD2) of Pgp at Q1060–G1066 and G1071–R1081. The transfer of
MgATP coordinates was done in Systems 1 to 4 individually, using their structures at the
end of initial equilibration simulations, and thus are parallel to the production simulations
of the apo systems.
To remodel the conformation of the NBSs according to the docked MgATP, the specific
nucleotide interactions in the highly conserved residues were employed as distance restraints
during the simulations (Fig. 28). These specific interactions including ring-stacking at the A-
loop, several H-bonds and salt-bridges at the Walker A motif, as well as metal coordinating
at Walker A and Q-loop (Fig. 28). Effectively, these restraints work as extra chemical bonds
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Atom-1 Force Constant Equilibrium Atom-2
Residue Atom (kcal·mol−1·A˚−2) Distance (A˚) Residue Atom
Y397/1040 CG 12.320 3.50 ATP C2
Y397/1040 CD1 12.320 3.50 ATP N3
Y397/1040 CD2 12.320 3.50 ATP N1
Y397/1040 CE1 12.320 3.50 ATP C4
Y397/1040 CE2 12.320 3.50 ATP C6
Y397/1040 CZ 12.320 3.50 ATP C5
Y397/1040 OH 12.320 3.50 ATP N7
Y397/1040 OH 61.600 2.74 T431/1074 OG1
N424/S1067 O 30.800 2.95 K429/1072 NZ
S425/1068 OG 61.600 2.71 ATP O1G
G426/1069 N 61.600 2.76 ATP O3B
G428/1071 N 12.320 3.10 ATP O1B
K429/1072 NZ 61.600 2.81 ATP O2G
K429/1072 NZ 61.600 2.88 ATP O1B
S430/1073 N 30.800 3.04 ATP O2B
S430/1073 OG 250.000 2.22 Mg2+ Mg2+
T431/1074 OG1 61.600 2.67 ATP O2A
D551/1196 OD1 61.600 2.84 H2O–(1) O
ATP O2B 250.000 2.11 Mg2+ Mg2+
ATP O3G 250.000 1.87 Mg2+ Mg2+
Mg2+ Mg2+ 250.000 2.17 H2O–(1) O
Mg2+ Mg2+ 250.000 2.04 H2O–(2) O
Mg2+ Mg2+ 250.000 2.04 H2O–(3) O
Table 2: The extrabond parameters applied during the first 0.5 ns of MgATP docking. The positions of
the three Mg2+-bound water molecules (numbered 1—3) are labeled in Fig. 28.
between the atoms of MgATP and the atoms of the protein, a feature of NAMD since the 2.7
version. The equilibrium distance for these “extrabonds” were adopted from the average dis-
tance between the corresponding atoms in the HlyB-NBD structure [82] (averaged from the
four NBD monomers in the asymmetric unit), except for the ring-stacking interactions be-
tween the adenine ring and A-loop tyrosines (Y397/Y1040), where the equilibrium distances
were arbitrarily set as 3.5 A˚. The spring constants for the extrabonds were set according
to their equilibrium distances: bonds shorter than 2.9 A˚ were given higher spring constants
k = 61.6 kcal/mol·A˚2 (∼100 kBT/A˚2 at 310 K); bonds between 2.9–3.1 A˚ were assigned with
moderate spring constants k = 30.8 kcal/mol·A˚2 (∼50 kBT/A˚2); and bonds longer than 3.1 A˚
had force constants k = 12.3 kcal/mol·A˚2 (∼20 kBT/A˚2). On the other hand, the Mg2+ co-
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ordinating interactions (typically shorter than 2.2 A˚) provided by water, ATP, a Walker A
serine and the Q-loop glutamine were given force constants at k = 250 kcal/mol·A˚2, analogous
to the Fe2+ coordinating interactions defined for heme in the CHARMM force field [126].
The parameters of the extrabonds were summarized in Table 2.
The MgATP-docking simulations began with 3000 steps of energy minimization, and after
which the extrabonds were only in effect for 1.5 ns. At the first 0.5 ns, the atoms of MgATP
were fixed since their positions were used to remodel the NBSs, while the Cα atoms in the
TMDs (V33–K368 and W694–K1010), together with the heavy atoms of the lipid molecules
were restrained at initial positions with force constants k = 5 kcal/mol·A˚2. Between t = 0.5 ns
and t = 1.0 ns, the fixed-atom constraints and positional harmonic restraints were removed
from the systems, while maintaining the extrabonds at the NBSs. The force constants of the
extrabonds were reduced by five folds after t = 1.0 ns and the extrabonds were completely
removed at t = 1.5 ns. Equilibrium simulations were carried out in each of the four systems in
1 fs integration time until t = 7.5 ns, and the production simulations continue until t = 50 ns
with timestep in 2 fs.
5.2.3 Data Analysis
The CoM distance between the two NBDs (NBD1: N387–T626; NBD2: N1030–A1271) and
between the Walker A motif and the LSGGQ motif in each NBS (G423–S430 paired with
L1172–R1179, and L527–R534 paired with G1066–S1073) were used to represent the con-
formation of the Pgp in simulations. The kink and unwound regions in the transmembrane
helices of Pgp were identified by monitoring the frequency of backbone H-bonds between
residues i and residues i + 4, where the criteria include a donor-acceptor distance at ¡ 4 A˚,
and an N–H–O angle greater than 150◦. Residues showing H-bond frequency for less than
30 % of total simulation time were considered non-helical.
The VMD plug-in Multiseq [97] was used for structure-based sequence alignment of
ABC exporters, including the IF Pgp (PDB: 3G5U [42]), OF SAV1866 (PDB: 2HYD [32]),
OF MsbA (PDB: 3B60 [38]), IF TM287/288 (PDB: 3QF4 [47]), and IF ABCB10 (PDB:
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4AYT [127]). Although two more MsbA structure in different conformations were available
(PDB: 3B5W and PDB: 3B5X [38]), the structures were not included in the alignment due to
lower resolutions. To structurally align the ABC exporters at different conformational states,
a first pass of sequence-only alignment was performed using the ClustalW method [128].
Based on the secondary structures at the aligned sequences, the TMD structures of the ABC
exporters were divided into several sections and structurally aligned individually (the “elbow
helix” with TM1–TM2 or TM7–TM8, TM3 or TM9 alone, TM4–TM5 or TM10–TM11, TM6
or TM12 alone) using the STAMP method [129]. The resulting multiple sequence alignment
was then formatted using the Sequence Manipulation Suite [130] web server.
The Gly/Pro contents in the TMDs of ABC exporters were analyzed using the 33,741
aligned sequences obtained from the database Pfam [93] (entry PF00664, “ABC membrane”).
Only residues in the globally aligned positions are counted in order to prevent biased popula-
tion distribution due to proteins containing insertions with multiple Gly/Pro residues. Note
that based on the structurally resolved transporters listed in the family, the aligned region of
the dataset does not cover the elbow helix and the C-terminal half of helix TM6/TM12. The
Gly/Pro contents, therefore, may be systematically underestimated. However, the compari-
son of Gly/Pro content between different members in the ABC exporters subfamily should
not be affected significantly due to the incomplete coverage of the alignment.
To calculate the contact frequencies between lipid and protein residues, a contact is
defined when any atom pair (including hydrogen) between the two molecules is closer than
3.5 A˚. The contact frequencies were calculated for each residue in the four sets of apo and
MgATP-docked simulations, respectively.
5.3 Results and Discussions
To simulate Pgp structure in a membrane environment, four simulation systems of membrane-
embedded Pgp were constructed (Systems 1–4, Fig. 27), and simulations were conducted
either under a nucleotide-free (apo) condition or with docked MgATP. Each of the eight (4
systems × 2 conditions) sets of simulations was of 50 ns length.
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5.3.1 Docking of MgATP in the NBSs of Pgp
Figure 29: The RMSD of the Walker A motifs of
Pgp with respect to that of HlyB (reference structure
for MgATP docking) during the simulations.
Isolated NBDs of many ABC trans-
porters have been crystallized as ATP-
bound monomers (see ref. [25] for sum-
mary), suggesting that the binding of ATP
can rely on interactions with only one NBD
monomer and a dimeric NBD conforma-
tion is not required. However the struc-
ture of a nucleotide-free NBD cannot accom-
modate MgATP readily, where the struc-
tural difference between ATP-bound and
nucleotide-free NBSs has been described
as an induced-fit effect [131]. To dock
MgATP into the two nucleotide-free NBSs
of Pgp, the conformation of the NBDs needs
to be modified according to the structure
of the bound MgATP. Using the specific
nucleotide-binding interactions provided by
the strictly conserved residues in the NBSs of ABC transporters, the interactions be imposed
the MD simulation as extra chemical bonds to deform NBS structures (Fig. 28 and Table 2).
The docking of MgATP and the structural modification of the NBS was done in a short term
(1.5 ns) of MD simulations in Systems 1–4, after which (t> 1.5 ns) the distance restraints
between MgATP and nucleotide binding residues were removed.
In the MgATP-docked simulations, the nucleotide stays within the NBSs even after the
removal of the restraints between nucleotides and NBSs (t> 1.5 ns), and the docking of
MgATP successfully facilitated the conformational adaptation of the NBSs. Comparing the
RMSD of 9 Cα atoms in the Walker A motif of Pgp (G423–T431 of NBD1 and G1066–
T1074 of NBD2) with the corresponding atoms in the modeling template, the structure
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of HlyB-NBD (G502–T510), it is clear that the deviations are significantly lower in the
MgATP docked simulations, with RMSD typically lower than 1 A˚, in contrast to ∼2 A˚ in
apo simulations (Fig. 29). The Cα-RMSD of the Walker A motif in the MgATP-docked
simulations indicates two major conformational states (Fig. 29), one with RMSD at ∼0.5 A˚
(e.g., majority of Systems 1 and 2) and the other at ∼1.0 (e.g., majority of System 4 and
in NBD1 of System 3). The difference is at the sidechain of a serine in the middle of the
Walker A motif (S425 and S1068), which is an H-bond donor to the ATP γ-phosphate.
Without the binding of the LSGGQ motif, the γ-phosphate of the bound ATP is shown to
be disordered in the crystal structure of the maltose transporter in the pre-translocation
state [43], suggesting the interactions between the Walker A motif and the γ-phosphate are
not strong enough to stabilize its conformation. It is therefore implied that the dissociation
of the H-bond between S425/S1068 and the γ-phosphate can be expected during the MgATP-
docked simulations, where the NBDs are separated and the nucleotides are not interacting
with the LSGGQ motif.
5.3.2 Lipid Protrusion into the TMDs
Figure 30: A snapshot (t = 50 ns of
apo System 1) of a lipid molecule pro-
truding into the TMDs of Pgp.
During the simulations of System 1, a lipid protruding
event in the putative drug portal at TMD1 has been cap-
tured (Fig. 30). The protrusion takes place during the ini-
tial equilibration of the system, and thus is present in both
apo and MgATP-docked systems. The oleate group of the
lipid POPE molecule enters the cleft between helices TM4
and TM6 and stay inside the cleft throughout the 50 ns
simulation time, with at least 10 carbon atoms from the
end of the oleate tail inside the lumen of the TMDs. The
tip of the acyl chain had reached the drug binding site,
contacting several characterized drug-interacting residues
(L300, A302, Y303 and A338).
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P-glycoprotein has been characterized to exhibit lipid flippase activity in cells [132–134]
or when reconstituted into proteoliposomes [135,136]. It is suggested that the lipid flipping
in Pgp shares the pathway of drug export [135], since the flippase activity can be reduced
by the presence of various known drug substrates [132–136]. Moreover, Pgp has been shown
to export platelet-activating factor [137, 138], a short tail phosphatidylcholine lipid, and
such activity is competing with drug transport [137]. Therefore, the lipid protruding event
captured in the simulations may present an initial step of substrate binding in Pgp. The
lipid tail penetrates the putative drug portal lined with TM3, TM4 and TM6. Interestingly,
the penetration seem to be allowed by the presence of a series of short residues on the two
sides of this portal, including A225, G226, A229, A338, V341, G342, and S345.
In the recently resolved Pgp structure from C. elegans, detergent molecules are present
in the central lumen with the aliphatic tail extruding out of the putative drug portal at
TMD2. However, atoms in the tail of the detergents do not seem to interact with any
protein atom, and after examining the 2Fo-Fc map obtained from the Uppsala Electron
Density Server [139], no density can be observed for any of the tails. Therefore, whether
lipid and/or lipid analogs enter Pgp structure through the putative drug portal, and the
orientation of the head/tail during the entrance, requires further investigation.
Figure 31: Impressionist expressions of all Pgp conformations captured in the simulations in apo form
(left) or with docked MgATP (right).
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5.3.3 Dynamics of P-glycoprotein in Membrane
Figure 32: Dynamics of Pgp during simulations rep-
resented by the time series of distances between the
two NBDs, and between the two sets of ATP-binding
motifs in each NBS.
The structure of Pgp appeared highly flex-
ible in the simulations regardless of the
presence or absence of the docked MgATP
(Fig. 31). To represent the conformational
changes of Pgp during the simulations, the
distance between the two NBDs and between
the two conserved ATP-binding motifs in
each NBS were measured using the coordi-
nates of their COMs (Fig. 32). Overall, the
inter-NBD distances captured in all simu-
lations range from 28.5 A˚ to 51.7 A˚, which
are ∼16 A˚ shorter and ∼7 A˚ greater than
the distance in the crystal structure [42].
Due to the large variations in the distances,
the data were plotted as population distribu-
tions for comparison of the simulations un-
der the two conditions (apo vs. MgATP-
docked, Fig. 33). While both sets of distributions appear incomplete, very likely due to
limited simulation time, the population under the apo condition seems to be broader with
the population average slightly larger than that in the MgATP-docked simulations (37.9 A˚
vs. 39.6 A˚). The ∼2 A˚ difference in the population average of NBD-NBD distance under
different simulation conditions is almost negligible comparing to the distance change re-
quired for NBD dimerization. Despite the insufficient conformational sampling, one may
infer that the mechanism of nucleotide-induced NBD dimerization is through the shifting of
equilibrium among multiple accessible conformations, since the nucleotide-free simulations
already exhibited diverse conformational coverage, including the one with closest inter-NBD
distance among all simulations (System 2, Fig. 32). In other words, since Pgp is already able
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to adapt various conformations in the nucleotide-free state, the presence of MgATP only
work to create a higher probability for a shorter NBD-NBD distance, thereby allowing the
contacts between the NBDs. The formation of NBD dimer depends upon the establishment
of specific interactions at the dimer interface once the two NBDs contact each other, which
include the H-bonds between the LSGGQ motif and the ATP γ-phosphate, as well as the H-
bond network surrounding the hydrolytic water, involving residues in the Q-loop, Walker B
motif, D-loop and H-loop [44,140].
Figure 33: The distributions of all NBD-NBD dis-
tances captured in different sets of simulations.
The shortest distance between the two
NBDs captured in the simulations (28.5 A˚
in apo System 2 and 30.8 A˚ in MgATP-
docked System 1, Figs. 32 & 33) are
only 2–5 A˚ larger than the distance of a
completely closed NBD dimer, which has
been evidenced in the crystal structures
of HlyB-NBD [82], SAV1866 [32, 34], and
MsbA [38]. With the shortest NBD-NBD
distances shown in the simulations, the
NBDs resemble the “semi-open” conformation of MalK [29]. Versatile conformations covering
both semi-open and full-open NBDs have been demonstrated in MsbA, a bacterial homolog
of Pgp: it has been crystallized in two drastically different apo forms [38], one showing ex-
tremely large NBD separation while the other has direct contacts between the two NBDs. In
line with the closed-apo structure, when the NBD-NBD distance of apo MsbA is measured
with double electron-electron resonance (DEER) spectroscopy in proteoliposomes, a fraction
of the population adopts distances similar to MsbA trapped in the post-hydrolysis state
using ADP-vanadate [141], which was considered as NBD dimers.
61
Figure 34: The fluctuations of the Pgp during the simulations shown as RMSF of Cα atoms.
5.3.4 The Origin of Structural Flexibility of P-glycoprotein
The structural flexibility of Pgp can be demonstrated with the root-mean-square fluctuation
(RMSF) of the Cα atoms averaged over the four simulations under the same condition
(Fig. 34). Comparing the RMSF in different parts of the Pgp structure, it is clear that
lower RMSF is shown in the membrane spanning parts of the TMDs. Even within the
same helical bundle, the aqueous-exposed parts (both extracellular and cytoplasmic) exhibit
greater RMSF than the membrane-embedded regions at the mid-section of the bundle. The
NBDs, in addition, exhibit much higher RMSF generally, due to the large deviations resulted
from the opening and closure motions of the NBDs during the simulations.
The greater NBD fluctuation than in the TMDs is consistent with conformations obtained
in several other ABC exporters. For example, when measuring the spin-spin distance for
labeled MsbA with DEER, the distribution of the distance was found more dispersed when
labeled at the NBDs than at the TMDs [141, 142]. A solid-state NMR study of a bacterial
multidrug exporter LmrA also captured very fast tumbling that almost exclusively attribute
motions at the NBDs [143]. Note the “fast” motions mentioned in the NMR study (on the
order of 50µs [143]) is still several orders slower than the motions captured in the simulations
here, and it can be speculated Pgp has a more flexible structure than its bacterial homologs.
The large interdomain fluctuations between the two NBDs appear to be a result of am-
plified hinging motions of the two TMDs. The helical integrity in the TMDs is examined by
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the H-bond frequencies between residues i and i+4 at helical regions in the crystal structure
that defined by STRIDE [144], where regions with H-bond persisting for less than 30 % of the
total simulation time are regarded as a hinge with helical defects (Fig. 35). Several regions
in the TMDs have shown helical defects in the simulations, which results in either kinks of
the transmembrane helix or local helical unwinding. As the transmembrane helices kink or
unwind in their mid-section, residues far away from the hinge exhibit greater displacements,
which is the origin of the large conformational changes at the NBDs of Pgp.
Figure 35: Unwinding helical regions in the TMDs of Pgp.
Showing the H-bond frequencies between residues i and i + 4
during the four sets of the nucleotide-free simulations. The po-
sitions of glycines and prolines are highlighted with green (Gly)
and purple (Pro) spheres at their Cα atoms, respectively.
Surprisingly, despite the low se-
quence homology at the two TMDs
of Pgp, the location of the the
hinge regions in the two TMDs
comparable (Fig. 35, circled re-
gions). Transmembrane helices
TM1, TM2 and TM6 in TMD1
all kink/unwind near the midpoint
of the membrane, and so do their
symmetrical related counterparts
in TMD2—transmembrane helices
TM7, TM8 and TM12. Transmem-
brane helix TM5 of TMD1 and he-
lix TM11 of TMD2, on the other hand, are both kinked near the cytoplasmic surface of the
membrane. Finally, the extracellular ends of helices TM5 and TM6 in TMD1 are partially
unfolded in the simulations, and so is the symmetrical related regions in TMD2—the extra-
cellular ends of TM11 and TM12. Comparing the locations of the helical defects in the two
TMDs, it is found that they do not necessarily reside the same position when the TMDs are
structurally aligned, suggesting the symmetry between the two TMDs is mostly only at the
topological level but not in detailed structures.
Interestingly, glycine and/or proline residues can often be found in the hinge regions
63
when examining their primary sequences (Figs. 35 & 36), and both residues are known with
their high helix-breaking propensity. It is therefore implied that their occurrence in the
hinge regions of the TMDs of Pgp might be of structural significance and may even provide
flexibility to the transporter. Especially, a glycine in a transmembrane helix can serve as
a hinge to provide different TMD conformation for a membrane-integral protein to switch
between different conformational states, as seen in a pivotal glycine conserved in K+ and
Na+ channels that mediate gate opening and closure by bending and straightening of the
transmembrane helix [145, 146] . Since regulated switch between multiple conformations
is also the paradigm of membrane transporters, the symmetric hinge regions in the TMDs
of Pgp might also imply an important structural feature providing mechanism to access
multiple conformational states.
Several structurally important glycine residues have been identified in Pgp. A G185V
mutation in human Pgp is well studied (equivalent to G181 of mouse Pgp, which causes
helical defects at helix TM3 in simulations) and is shown to improve the coupling between
ATP hydrolysis and transport [147]. Also, a G346C mutation in human Pgp (equivalent to
G342 of mouse Pgp, which kinks helix TM6 in simulations) is also suggested to be involved
in the NBD-TMD communication, despite being remote from the NBD-TMD interface [148].
As both mutants exhibit reduced basal ATPase activity, it is likely that replacing glycine at
these hinge regions increases the helicity at TM3/6 and resulting in a more rigid TMD, and
thus reduced basal ATPase activity. The possible hinge role played by G346 of human Pgp
can also explain why the ATPase activity is only significantly reduced by a mutation at this
particular position but not elsewhere along the helix TM6, even when other glycines in TM6
were mutated in the same study (G341C and G360C) [148].
Based on the structure-based sequence alignment of the TMDs, the Gly/Pro residues near
the hinge regions are not always conserved at the same position in the transmembrane helices,
but sometimes off by 1–4 residues to the corresponding one in the other TMD (Fig. 36). It is
therefore suggested that the flexibility of Pgp, even though largely determined by the residue
compositions in the TMDs, is not a structural consequence of any highly conserved motif.
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Figure 36: Structure based sequence alignment of TMDs of known ABC exporter structures. The position
of glycine and proline residues near the helical unwinding regions shown in Fig. 35 are highlighted in red, and
the consensus secondary structures (namely, the “elbow” helix and transmembrane helices TM1/7 through
TM6/12) are highlighted in yellow.
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Based on the alignment, G823 is the closest glycine in the TMD2 of Pgp corresponding
to the G181 of TMD1, which suggests that a G823V mutation in mouse Pgp (and thus a
G827V mutation in human Pgp) may exhibit similar improved NBD-TMD coupling as the
experimentally verified human G185V mutant. On the other hand, although G985 in TMD2
is very close to an equivalent position of G342 in TMD1, the structure of helices TM6 and
TM12, where the two residues reside in, are highly dissimilar, while helix TM6 is mostly
continuous, a large portion near G985 of TM12 is unwound in the crystal structure and
TM12 appear as two broken helices connected with a loop. It is therefore predicted that the
phenotype of the mouse G985C Pgp mutant (equivalent to a human G989C Pgp mutant)
would not be similar to the human G346C Pgp mutant.
Figure 37: The content of glycines and prolines
in conserved regions of the TMDs of ABC exporters.
Structurally resolved entries are labeled, with the two
TMDs of Pgp highlighted in red.
The flexibility of Pgp has also been ob-
served in other MD studies [149, 150], al-
beit different reasons have been attributed
to the observed flexibility. While Gyimesi
et al. suggested that higher water acces-
sibility near the intracellular loops of the
TMDs is account for the flexibility, Liu et
al. linked the phenomenon to the flexibility
near the drug binding pocket, especially at
helices TM6 and TM12 [150]. The structural
interpretations here are consistent with the
observations from other research groups, that the unwinding of helices TM5/TM11 outside
the membrane results in partial unfolding of the ICLs and thus greater water accessibility,
whereas the greater flexibility in helices TM6/TM12 is due to the kink/unwound regions at
their mid-sections rather than outside the membrane.
Expanding the structure-based sequence alignment to other TMDs of structurally known
ABC exporters, it is found that some helix-breaking Gly/Pro residues are present in other
ABC exporters as well (Fig. 36). A systematic examination of Gly/Pro contents in the TMDs
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of ABC exporters using the aligned sequences from Pfam [93], it is also revealed that the
TMDs of Pgp posses more Gly residues than other ABC exporters despite a lower Pro count
(Fig. 37). Considering that the distribution of allowed φ/ψ-angle is more dispersed in glycines
than in prolines and pre-prolines [151,152], the higher Gly content in Pgp may result in more
frequently kinked/unwound transmembrane helices and confer Pgp with greater flexibility
than other ABC exporters. The structural deviations shown in the Pgp simulations here
and in the research by Gyimesi et al. are indeed higher than those in the simulations of the
bacterial homolog SAV1866 [153–156]. Note that the structure of SAV1866 was resolved in
the OF state and may have drastically different dynamics than an IF structure, of which
the Pgp simulations were based upon. The higher flexibility of an ABC exporter in the IF
state has been demonstrated with MD simulations of MsbA and with hydrogen-deuterium
exchange experiments of BmrA [157].
5.3.5 Intrinsic Asymmetry of Pgp
The two halves of Pgp are not identical and their conformations vary significantly in the
crystal structure. For example, the degrees of opening at the two NBSs are ∼4 A˚ different,
when measured with the distance between the Walker A motif and the LSGGQ motif (30.7 A˚
vs. 26.4 A˚). Similar asymmetry in the NBD conformations is also seen in the crystal structure
of a bacterial heterodimeric ABC exporter TM287/288 [47], however one of the NBDs in the
latter is ATP-bound. Although it is not clear whether the asymmetric NBD conformation
in TM287/288 is due to singly bound ATP or resulted from the structural difference in the
two TMDs, the asymmetry in Pgp is likely originated from the TMDs since both NBSs are
vacant in the crystal structure. The most prominent difference between the two TMDs of
Pgp is at the transmembrane helices TM6 and TM12, as mentioned above, TM6 is mostly
continuous while TM12 is broken into two helical sections connected with a random coil.
Since helices TM6 and TM12 locate at opposite sides of the transporter and each lines one
side of the two putative drug portals, the structural difference at these two helices also
results in different lipid accessibility of the two portals (Fig. 38). The coil in the mid-section
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Figure 38: Lipid-contacting frequencies at the TMDs of Pgp. Only data in the apo simulations are shown,
where the frequencies in the MgATP-docked simulations are similar and not shown. Note the difference in
the gap regions (putative drug portals).
of TM12 provides greater conformational degrees of freedom, which allows TM12 to retract
from the membrane-exposing surface of the transporter during simulations. As a result,
the helix TM12 seldom contacted any lipid molecule while its symmetry counterpart TM6
was largely membrane-exposed (Fig. 38). The departure of helix TM12 from membrane
coincides the narrowing of the putative drug portal at TMD2, which is lined between helices
TM9/TM12 and TM10. As the two NBDs are directly connected to the C-termini of TM6
and TM12, the difference in the gap opening at the putative drug portals is coupled to the
different opening at the two NBSs.
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6 Transient Channel-like State During Transport§
6.1 Introduction
Functions of active membrane transporters rely on the utilization of multiple conformations
of the transporters in a coordinated manner, a process described as “alternating-access”
mechanism [159]. In this model, the vectorial translocation of substrates is carried out by the
conformational transitions of the transporter, re-exposing the substrate binding site from one
side of the membrane to the other, through a precise coupling to another physical or chemical
process. In secondary active transporters, the coupled processes are the translocation of a
different substance, typically some cations, either in the same or the opposite directions [160];
whereas in ABC transporters it is the binding and hydrolysis of ATP in the NBDs being
coupled [16,52].
Since the active transport often requires working against a pre-existing chemical gradient
of the substrate, the key of the transport mechanism is the coordination of the two “gates”
barricading the substrate binding site from simultaneous exposure of the bulk solution at
both sides of the membrane. In other words, the opening of one gate must coincide the closure
of the other, in order to prevent the spontaneous dissipation of the substrate along its own
electrochemical gradient. The necessity of two coordinated gates instead of one is often
considered the major difference between active transporters and membrane channels [161].
As more understanding is drawn to the molecular mechanisms of transporters, the bound-
ary between channels and transporters had become obscured. For example, homologous re-
lated proteins in the ClC family can either be chloride channels or proton-driven chloride
pumps [162], and a mutation in the voltage-sensing domain of a K+ channel can lead to pro-
ton transport upon membrane hyperpolarization [163]. Among the vast superfamily of ABC
transporters, the infamous cystic fibrosis transmembrane conductance regulator (CFTR) is
known as a chloride channel [164]. Most of all, transport activities of many transporters
§This chapter contributes partly to a research article in Proceedings of the National Academy of Sci-
ences [158]. J. Li et al., “Transient Formation of Water-conducting States in Membrane Transporters”.
Proceedings of the National Academy of Sciences, 110(19):7696–7701, 2013. doi: 10.1073/pnas.1218986110
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generate ion currents that are too high to be attributed to the charges of the substrates or
cotransported ions, and should be viewed as channel-like activities accompanied with the
transport [165].
On the other hand, permeation of water in several secondary transporters, either passively
or against the osmotic pressure, has been reported [166, 167]. Although the mechanisms of
water permeation and/or active cotransport in membrane transporters are not clear, it is
believed either the water is either enclosed in the transporter structure with the substrate
during the transport, or a channel-like conformation of the transporter is involved [167].
Accounting for water permeation/cotransport and ion currents accompanying transport, it
seems the occurrence of a channel-like state during the transport cycle, at least transiently,
can provide a reasonable mechanism for both activities. However, the characterization of
water/ion permeation coincide transport are mostly limited to secondary transporters, and
has not been in area of interest for studies of ABC transporters other than CFTR.
Upon visualizing the simulation trajectories of the maltose transporter and of Pgp that
described in Chapters 4 and 5, the transporter structures seemed to form water channels
transiently during the simulations. Here a more systematic analysis is employed to identify
water permeation events and to investigate the formation of the channel-like state and the
nature of the alternating-access mechanism.
6.2 Methods
Simulations of the maltose transporter after nucleotide-removal (System B1 in Chapter 4)
is extended to 100 ns using the same simulating protocols. The simulations of Pgp in apo
condition with shortest NBD-NBD distance (System 2 in Chapter 5) were also used.
To measure the pore radius in the transporter, the trajectories of the simulations were
superimposed at the cores of their TMDs (including MalF:63–93, MalF:259–504, and the
entire MalG for the maltose transporter; V33–K368 and W694–K1010 for Pgp), and the
search of continuous pore was performed using the program HOLE [168], starting at the
center of the TMDs and search along the z-axis. The constriction point is defined as the
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point with smallest radius along the pore-searching trace in the TMD structures, and the
radius at the constriction point is recorded for each time point in the trajectories.
To identify water permeation events in these trajectories, the structure at each time point
of the trajectories was first translated to match the CoM coordinates of the transporter
(or the core of TMDs in the case of maltose transporter, MalF:63–93, MalF:259–504, and
entire MalG) with the initial structure before the production simulation (t = 0, after initial
equilibrations). The dynamics of water molecules inside a cylindrical volume around the
TMDs of the transporters is recorded after eliminating the net translation of the systems, in
order to extract events of full water permeation through both sides of membrane. The radius
of the cylindrical volume in both systems is 15 A˚. The top and bottom planes, however, are
defined differently for the two transporters to match the geometry of their individual TMDs,
especially the position of the constriction point identified by HOLE. Using the center of
the membrane as a reference point z= 0, the upper and lower boundaries of the cylindrical
volume are defined at z = +18A˚ and z = −8.5 A˚, respectively; the two boundaries in the
Pgp system, on the other hand, are defined at z = +18 A˚ and z = −15 A˚, respectively.
All water molecules entering and exiting the cylindrical volume were examined, and a
water permeation event was recorded when a water molecule that entered the cylindrical vol-
ume from one side of the membrane has moved beyond the boundary plane of the cylinder at
the other side. Water molecules inside the cylindrical volume at t = 0 were treated as entered
from one side of the membrane, depending on the conformation of the TMDs (periplasmic
entrance for water embodied in the maltose transporter since it was in OF state, and cyto-
plasmic entrance for water in the lumen of Pgp due to its IF conformation). Water molecules
can enter the cylindrical volume through the top or the bottom planes of the cylinder, or
through the side of the cylinder; the side-entrance events are typically due to water that hy-
drating the lipid headgroups, or trapped between the protein and the lipid tails, entered the
interior of the TMDs through transient crevices but not through the opening of the lumen.
Side-entering water molecules were treated as entering from top or bottom depending on the
z-coordinate of the oxygen atom: top entrance if z > 0 and vice versa. Upon water exiting
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the cylindrical volume, only the ones though the top or the bottom planes were considered
relevant and side-exiting water molecules were ignored; a full permeation event was recorded
if the exiting water was traced back with entering event at the other side of the membrane.
6.3 Results and Discussions
6.3.1 Transient Channel-like Conformation During State-transitions
Upon examining simulations trajectories of the maltose transporters and Pgp, it was found
that the water molecules inside the TMD structures of the two transporters seemed occa-
sionally connecting to both sides of the membrane during the simulations (Fig. 39). To
investigate whether water permeation requires a transient channel-like conformation, the
number of water molecules permeating through the transporter structure were measured
and the dimension of the pore was quantified (Fig. 40). It was found that water permeation
in the transporters do rely on the formation of transient channel-like conformations, that a
burst of permeating events can often be found when the minimal pore radius reaches ∼1.5 A˚
or above. Water permeability in the simulations is proportional to the minimal pore radius,
the larger pore opening is usually accompanied with a greater number of water permeating
events (Fig. 40). Especially, the largest recorded radius in the Pgp simulations (∼2.3 A˚)
is much higher than that in the simulations of the maltose transporter, and so is the fre-
quency of water permeation events (Fig. 40). Note that even with largest pore opening
and frequent water permeation, the radius of the pore is only able to accommodate single-
file water molecules and is significantly smaller than the size of the substrates. Therefore,
even during the transient channel-like conformational states, the lumen of the TMDs can
still be considered “impermeable” for the substrates at the constriction sites, and thus the
alternating-access paradigm is complied.
To further elucidate whether the formation of channel-like conformations is transport-
relevant, the distance between the two NBDs during the simulations were compared with
the pore radius and the frequency of water permeation events (Figs. 20 & 32 ). Interest-
ingly, the channel-like conformations only occur when the NBD-NBD distances are most
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Figure 39: The snapshots of the maltose transporter and Pgp with largest pore opening at the constriction
sites during the simulations (t = 36.21 ns for the maltose transporter and t = 36.85 for Pgp). The pore is
colored blue where the radius is larger than 2.3 A˚, while colored green when the radius is between 1.15–2.3 A˚.
The close-up view of the water pore inside the TMDs for the same snapshot is shown below.
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Figure 40: Water permeation events and the pore profile at the narrowest point during the simulations.
deviated from the crystal structures that used to construct the simulation systems. In other
words, the transient channel-like conformation is most likely a result of transport-related
conformational changes, since the movements of the NBDs in both systems are clear indi-
cation of conformational shift toward the other conformational state. On the other hand,
examining the trajectories of the same simulation systems where little or no NBD movement
(System A2 in the maltose transporter simulations and System 1 in apo Pgp simulations),
no pore forming or water permeation can be identified (Fig. 41). In the control simulations,
the largest radius at the constriction sites is usually below 1.15 A˚, the minimal radius re-
quired to accommodate a single water molecule, suggesting the transporter structures are
Figure 41: The pore profile of the control simulations.
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not water permeable in the conformational states depicted by the crystal structures (OF for
the maltose transporter and IF for Pgp), and it is likely that the channel-like conformation
can only be captured during the conformational transitions between the major states.
6.3.2 Mechanistic Implications on the Alternating-access Model
Although the transient channel-like conformations during transport can provide structural
explanations for passive conduction of water and ions, the mechanism of active water co-
transport is still not clear. Several different models have been proposed for the active water
transport in secondary transporters [167]: a) carrier-mediated model, that water is enclosed
in the lumen and transported together with the substrate; b) hyperosmolar-cavity model
and c) unstirred layer model, that the transporter is able to behave as water channels at
least during part of the transport cycle, and the presence of substrate increases the local
osmotic pressure either inside the pore (hyperosmolar-cavity model) or near the cytoplasmic
side of the membrane (unstirred layer), which drives the water permeation activity into the
cell regardless of osmotic pressure difference between the two sides of the membrane.
The stoichiometric relationship between the substrate and cotransported water is typ-
ically one to several hundreds [167]. As more crystal structures of secondary transporters
have been resolved, it became clear that the volume of the cavity enclosing the substrate
binding site is usually not large enough to embody several hundreds of water molecules.
Although this does not completely reject the idea of the carrier-mediated model, at least
other mechanisms are required to achieve the excessively large number of water cotransport,
which leaves the channel-like conformation a necessity during the transport cycle for the
water-cotransporting proteins.
Despite that a channel-like conformation is never observed in any crystal structure of
membrane transporters, water permeation in transporters during channel-like conformational
states has been captured with MD simulations [169, 170]. However the transporters exam-
ined in these studies are all secondary transporters, and the investigations of water perme-
ation/cotransport and coupled/uncoupled ion currents are mostly on secondary transporters
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as well. The permeation of water and/or ions through the structures of ABC transporters
other than CFTR has never been of research interest, likely because ions are usually not
involved in the transport of ABC transporters, and thus the transport coupled/uncoupled
currents, even somehow measurable, would have no functional relevance. Given that the
the mode-of-actions of primary and secondary active transporters are governed by the same
principle—the alternating-access mechanism, transport related phenomena observed in sec-
ondary transporters might also be exhibited in ABC transporters, particularly when the
nature of conformational changes between the IF and OF states is similar. For example,
the “rocker-switch” model has been used to describe the conformational changes in major-
facilitator superfamily [171], as well as for the maltose transporter [41], and water permeation
and/or transport has been demonstrated in major-facilitator transporters [172,173].
From a microscopic point of view, transporters are molecular machines driven by shifts
in thermodynamic equilibrium rather than direct mechanical forces, and a rigid-body like
motion in the time scale of water diffusion (ps to ns regime) is unlikely. Since the two
“gates” in a transporter are typically located at the two sides of membrane and are a few
tens of angstroms away from each other, the speed of allosteric communication between the
two gates might be slower than the diffusion rate of water and ions. If a change of protein
conformations can be treated as a partial refolding event, its time scale should be at least
on the µs regime, much longer than the time it takes for a water to travel more ∼40 A˚, the
typical thickness of membrane. Therefore, a channel-like conformation might be observed
during the transport cycle, between the opening of one gate and the closure of the other
gate. The alternating-access scheme can still be maintained as long as the pore opening do
not reach the radius of the transport substrate, and the transient nature of the channel-like
states suggests that the dissipation of proton and Na+/K+ gradients might be endurable
for the cell. The identification of water permeation during the transient channel-like states
in ABC transporter suggests that these might represent a universal property of membrane
transporters, which can be interpreted as the imperfection yet robustness of the alternating-
access mechanism of membrane transport.
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7 Summary and Po-Chao’s Philosophy
7.1 The Stochastic Model of the NBDs
In contrast to the highly diverse TMD sequences and structures in different subfamilies of
ABC transporters, the NBDs are conserved due to its universal function of ATP binding
and hydrolysis. The operating mode of the NBDs is therefore likely conserved among ABC
transporters despite the controversy whether a common mechanism is shared. Among the
different subfamilies, the structural information of ECF type ABC transporter is most lim-
ited, and the domain assembly in these subtypes is still under debate [59,60], hence they are
excluded from the discussions of the mechanism here, even though a similar pattern might
be followed in the NBDs [60].
The major debate about the mechanism of the NBDs is whether an asymmetric confor-
mation is mechanistic relevant, or if it is more relevant than the symmetric conformations
shown in most crystal structures. The earliest asymmetric mechanistic model was originated
from the study of ATP hydrolysis kinetics in Pgp by Senior et al. [61], where an alternating
site model was proposed. On the contrary, a symmetric model was proposed based on the
dimeric NBD structure [27], which was later named the ATP switch model [54]. Since the
formation of NBD dimer requires both monomers to be ATP-bound, the dimer opening in
the ATP switch model was proposed to take place after both two ATP hydrolyzed, and thus
predicting a stoichiometry of hydrolysis to transport at 2. In addition to the previous two
models, Jones and George proposed a constant contact model modified from the alternating
site model, after MD simulations of an NBD dimer in the ATP/ADP configuration [174]. In
this model, the doubly ATP-bound NBD dimer seemed irrelevant, since the dimer is always
associated but only at one NBS, and the opening of one site is coupled with the closure of
the other, thus hydrolyzing ATP at an alternating manner.
During the time when the alternating site model was first proposed, no structural infor-
mation of any ABC transporter was available, and the alternating site model was proposed
based on the apparent the tight coupling between the two NBSs, that when the ATPase of
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Pgp was inhibited by orthovanadate (Vii), the trapped ADP-Vii was found in both NBSs
with equal probability with the overall protein to trapped-nucleotide ratio at 1:1 [61]. The
same results were obtained in the maltose transporter [175], suggesting that the hydrolysis
takes place one at a time in the two NBS. The alternating site model was later refined with
the availability of structural information from NBD dimers [176]. In the refined model, the
conformational changes of the NBDs are similar to those depicted in the ATP switch model,
except that NBD dimer opening requires only one ATP hydrolysis, since only one of the two
bound ATP in the NBD dimer is “tightly bound and committed to hydrolysis” [176]. The
alternating hydrolysis pattern between the two NBSs could a result of the retention of one
ATP molecule after the NBD opening, where the retained ATP become tightly bound and
is ready for hydrolysis in the next cycle.
Figure 42: Schematic representation of
the stochastic model for ATP hydrolysis
and conformational changes in the NBDs.
The NBDs are colored blue and red, ATP
in green, and ADP in orange.
The simulations of MalK described in Chapters 2
and 3 revealed a scenario as a combination of the
ATP switch model and the alternating site model,
here termed “the stochastic model” (Fig. 42). In this
model, the conformation of the NBDs also switch be-
tween the full open and the completely closed states,
where the closed NBD dimer requires tightly associ-
ated ATP is at both NBSs; however, the NBD dimer
opening can be triggered when only one of the two
ATP is hydrolyzed, due to the destabilization of dimer
interface caused by the hydrolysis.
Based on the simulation results described in Chap-
ter 3, the formation of ATP-bound NBD dimer re-
quires the interactions between the LSGGQ motif and
the ATP associated in the Walker A motif of the op-
posing NBD. Among the LSGGQ interactions, the
most important ones are the H-bond at the conserved
78
serine and electrostatic interactions provided by the conserved basic residues (Arg or Lys).
Attenuating atomic partial charges at these residues, even at S135 of only one MalK of the
dimer, results in spontaneous NBD dimer opening, suggesting that in order to maintain the
dimeric form, these interactions are necessary at both NBSs. The immediate effect of ATP
hydrolysis is the disruption of the H-bond at the conserved serine at the LSGGQ motif, as
shown in the MalK simulations described in Chapter 2. Even occurring at only one NBS,
the lost of one key H-bond is enough to destabilize the dimer interface and eventually the
opening of the NBD dimer. However, the dimer opening does not take place immediately
after hydrolysis and does not always initiate at the NBS where ATP is hydrolyzed, since
the dimer interface after hydrolysis is still held together by several weak H-bonds and more
nonspecific interactions. The opening is a stochastic process due to the requirement of si-
multaneously rupturing of several H-bonds and the hydration of the dimer interface. Also,
the second ATP can still get hydrolyzed before the full NBD opening, and if so the sequence
of events fits exactly to the scheme described in the ATP switch model.
Moreover, the simulations of the full maltose transporter described in Chapter 4 have
shown that an asymmetric NBD conformation (where one NBS is open and the other NBS
remain closed) failed to facilitate any significant movement at the coupling elements of the
TMDs. Therefore, the transport cycle must switch between a full open NBD conformation
and a completely closed one, rejecting the possibility of the constant contact model.
In the stochastic model, there are three possible pathways connecting the ATP-bound,
dimeric NBD conformational state and the post-hydrolysis, full open conformational state,
where ATP hydrolysis can take place independently at either NBS or occurring twice (al-
though not necessarily to be simultaneous) before the full opening. The elimination of
hydrolysis activity in one NBS nullifies two of the three pathways but not all, thus the
stochastic model can still be valid with asymmetric ABC transporters such as CFTR, while
other models would have NBDs trapped in an intermediate state if ATP hydrolysis cannot
occur in one of the two NBSs.
Besides many natural occurring ones, several asymmetric ABC transporters with only
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one hydrolytic NBS have been constructed in mutational studies, such as histidine perme-
ase [177], maltose transporter [178], Pgp [116], vitamin B12 transporter [179]. The ATPase
activities in these constructs are often far less than 50% of the dual-hydrolytic wildtype trans-
porters, yet exhibiting residual but non-negligible transporting activities. For instance, with
residual activities at only 5% of the wildtype, a mutant asymmetric vitamin B12 transporter
is able to support cell survival and proliferation [179]. The substantial decrease of transport
rate in these asymmetric mutants, especially for those derived from symmetric ones with
homodimeric NBDs, suggests that the opening of NBDs and the following conformational
changes in the TMDs can be achieved much more efficiently with two ATP hydrolyzed. Con-
sidering the dynamics of the full transporter is much dampened than in isolated NBDs, it
is possible that the speed of NBD opening after single hydrolysis is slower than the average
time required for another hydrolysis in a symmetric ABC transporter. The drastic lowering
of ATPase activity in asymmetric mutant, therefore, is possibly due to a prolonged residence
in the dimeric conformation, where nucleotide exchange cannot take place.
7.2 Structures and Conformational Dynamics of the TMDs
While the dimeric NBD is commonly linked to the OF conformation in type I ABC importers
and ABC exporters as depicted in the general mechanism, structures and dynamics of some
type II ABC importers suggested otherwise [48, 50, 58]. The difference might be due to a
different NBD-TMD coupling mechanism since the mechanisms of hydrolysis in the NBDs
of type I and type II ABC importers are suggested to be similar [179]. The structural
comparison of the NBD-TMD interface in Chapter 4 indeed showed that, the NBD-TMD
coupling mechanism is likely different among all subfamilies of ABC transporters. Since the
conformational dynamics of type II ABC importers is still largely unclear, the discussion
here is mostly limited to type I ABC importers and ABC exporters.
In the simulations of nucleotide-free maltose transporter (Systems B1 and B2 in Chap-
ter 4), the conformational changes captured are limited even though the systems were de-
signed for spontaneous state transition (OF to IF). The distance changes in the NBDs are
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typically less than 5 A˚. On the other hand, even though the simulations of apo Pgp in
Chapter 5 were designed to capture a static conformational state, large structural fluctu-
ations were captured in these simulations, and the conformational changes observed were
far beyond those observed in the simulations of nucleotide-free maltose transporter. The
distinct structural flexibility in these two sets of simulations can be contributed to the dif-
ference between the two transporters, and/or generally between the IF and the OF states
of ABC transporters. Given that a clear NBD-TMD coupling mechanism was identified for
the maltose transporter and a large portion of its structure was treated as rigid bodies, it is
more likely that the structure of Pgp is intrinsically more flexible than that of the maltose
transporter.
The conformational flexibility may even be the fundamental difference between the trans-
port mechanisms of type I ABC importers and ABC exporters. ABC exporters are known
with their significant basal (resting) ATPase activities [112], whereas ATPase activities in
type I ABC importers are tightly regulated. The simulations of Pgp have shown that the
Pgp is able to reach a conformation with semi-open NBDs in the absence of substrate and
nucleotide, suggesting that spontaneous NBD dimerization is possible in Pgp. The basal
ATPase activities in ABC exporters, therefore, are likely a result of NBD dimerization in
the presence of MgATP but the absence of substrates. On the contrary, NBD dimerization
in the maltose transporter has been shown to require the coordination of ATP-binding with
the loading of substrate-bound BP, and the NBDs stay open if any of the factors (ATP,
substrate, and the BP) is absent [103]. Moreover, many type I ABC importers are equipped
with additional RDs in the C-termini of the NBDs, as observed in isolated NBD structures
of the maltose transporter [29], glucose transporter [180], sulfate transporter [181], iron
transporter [85], as well as in full transporter structures of methionine transporter [39, 45]
and molybdate/tungstate transporter [40]. The RDs in these transporters provide additional
mechanisms to inhibit transport, when elevated intracellular substrate concentration triggers
conformational changes in the RDs and prohibits NBD dimerization [39,40,45].
Interestingly, the distance between the two NBDs in the simulations of the maltose trans-
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porter and Pgp, regardless of the initial conformation (closed dimer or separated monomers),
does not move beyond a semi-open NBD conformation with ∼5 A˚ more open from a closed
dimer. That is, while the NBDs of nucleotide-free maltose transporters do not open for more
than ∼5 A˚, the NBDs of Pgp do not move closer than ∼5 A˚ from the closed NBD dimer.
Since the design of these simulations is to induce the conformational transition between the
IF and OF states, it is possible that the transition state between the IF and OF confor-
mations is coupled to a semi-open NBD conformation, and cannot be sampled with limited
simulation time due to the high-energy nature of transition states. Indeed, comparing the
structure of the maltose transporter in the OF (intermediate) state [37] with that in the IF
state with smallest NBD opening (pre-translocation state) [43], the NBD-NBD distance is
only different by ∼6 A˚; and similar difference is shown between the structures of MsbA in
the nucleotide-bound and in the apo-closed states [38]. In line with the apo-closed structure
of MsbA, the closest NBD distances captured in the Pgp simulations are accompanied with
the formation of the transient channel-like states, suggesting the transition between the IF
and OF states during the simulations.
7.3 Can Lipids be Part of TMD Structures?
In the simulations of Pgp, lipid protrusion events were captured at a putative drug portal
of the TMDs. Lipids have been know to be essential for the function of many ABC trans-
porters. For example, detergent purified Pgp shows limited activity and needs to be activated
with phospholipids [182]; and conformational dynamics of MsbA has been shown differently
in detergent micelles and in proteoliposomes [141]. On the other hand, lipid molecules
have been identified in several crystal structures of ABC transporters, including the maltose
transporter (PDB: 3PUV, 3PUW, 3PUX, 3PUY, 3PUZ, 3PV0, and 3RLF [43, 44]), human
ABCB10 (PDB: 3ZDQ, 4AYT, and 4AYX [127]), while cholesterol was found in one of the
crystal structures of ABCB10 (PDB: 4AYW [127]) and detergent molecules were found in
several structures of maltose transporter (PDB: 3PUV, 3PUW, 3PUX and 3RLF [44]), all
the ABCB10 structures listed above, as well as one of the Pgp structures (PDB: 4F4C [49]).
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Most of the lipid/detergent molecules observed in the crystal structures listed above are
attached to the hydrophobic surface at the TMDs of the transporters, except for a few ones
worth special attention. First, detergent molecules in a Pgp structure (PDB: 4F4C [49])
were found anchored at the putative drug portal, with the maltose moiety bound in the
drug-binding pocket and the aliphatic chain extending outside the TMD structure. Similarly
bound detergent molecules can also be found in some of the ABCB10 structures (PDB: 3ZDQ
and 4AYT). However, it is more intriguing that some of the ABCB10 structures (PDB: 3ZDQ,
4AYT, and 4AYX) contain partially resolved lipid (cardiolipin) molecules embedded in the
TMD structures, inserting between transmembrane helices TM1 and TM2. Although the
presence of lipid/detergent molecules in these structures can simply be attributed to the
assignment of unidentified electron densities in the lattice, it should be noted that many of
these structures contain deep crevices or even void volumes in the hydrophobic sections of
the TMDs, which may also be viewed as weakly associated lipids/detergents whose electron
density is defused and not observable. Especially, while sub-optimal side chain packing in
the TMDs are often observed, some of the transmembrane helices are largely detached from
nearby structural elements due to the presence of large gaps or void.
Given that most of the crystal structures of full ABC transporters are resolved at reso-
lutions lower than 3 A˚, it is difficult to justify the presence of weakly defracting molecular
species and to interpret the gaps and void in the structures. More investigations are required
for the roles of lipids in the structures and functions of ABC transporters.
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8 Future Aspects
It is possible that the conformation of the transporters varies significantly from the crystal
structures in a membrane environment, however the relaxation of protein structure in mem-
brane is not likely an event at ns–µs time scale. The conformations and dynamics of ABC
transporters in membrane can be better characterized using replica-exchange MD (REMD)
to allow more complete conformational sampling. The computational costs of REMD can be
reduced without losing structure detail by construction of hybrid systems using proteins in
a united-atom force field [183], which has been shown to be compatible with coarse-grained
water [184] and lipids [185].
The time scale of transport events in ABC transporters are typically at sub-seconds to
seconds. The rate limiting step in the transport has been proposed differently, including NBD
dimerization [186], ATP hydrolysis [82,187], and ADP release [188], suggesting there might be
multiple slow steps involved in the transport cycles. Even with best resolved kinetics models
for CFTR, the rate of any state changes is at 1–100 s−1 [189, 190], and the energy barrier
between the open and closed channel (equivalent to the OF and IF states of transporters)
is measured at ∼70 KJ/mol [191], suggesting that the nature of conformational transitions
between major states cannot be captured with conventional equilibrium MD simulations.
To investigate state transitions at such time scales, non-equilibrium methods can be used
to characterize the energy landscape and some structural features of the transitions. Al-
though robust methods have been developed to estimate the energy costs for conformational
transitions between the IF and OF states of an ABC transporter using non-equilibrium
driven MD [192], the focus these types of simulations should be the conformational char-
acterization of significant intermediate states rather than the energy, since the rates (and
thus free energy) and enthalpies of most transport-relevant events can already be accurately
measured in vitro. The free energy calculations in MD simulations of transporters should
serve as the justification of the non-equilibrium methods rather than the results.
Free energy calculations, however, may be able to provide information characterizing
unknown states. For example, it has been argued that the resting conformation of the
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TMDs of type II ABC importers is in the OF state, contrary to those of type I ABC
importers [31,48,50]. Yet a type II ABC importer has been crystallized under a nucleotide-
free condition and showing an IF conformation [33]. To identify relevant conformations of
these transporters, one may first utilize REMD to obtain a more complete description of the
membrane-bound conformation. The functional relevant conformational transitions can be
investigated with non-equilibrium methods, by applying biasing forces to induce the OF-to-
IF or IF-to-OF transitions in the TMDs, in conjunction with the forces applied to the NBDs
to induce dimerization. The difference in energy costs between the two types of transitions
can be used to estimate the likelihood of such transition being structurally permissible.
Crystal structure of a full complex of an ECF transporter had not been available by
the time this dissertaton was composed. The recently published crystal structures of two
different ECF transporters show drastically different architectures from ABC transporters of
other subfamilies [193, 194] (see Fig. 1). In addition to no symmetry in the transmembrane
domain, the substrate binding protein (S-component) itself is a membrane protein, which is
possibly to change its orientation with respect to the membrane during transport, suggesting
a fundamentally different, novel transport mechanism in ABC transporters [193,194]. More
interestingly, since different substrate-specific S-components in group II ECF transporters
share the same assembly of other components [18], and transport activity of one substrate
inhibits that of another [195], it is very likely that the S-component is required to dissociate
from the rest of the transporter once the substrate transport is complete. The mechanism
of ECF type ABC importers is still a developing field, and MD simulations can be used to
verify several hypotheses that might be difficult to test experimentally. For example, the
stability of isolated S-components with different orientations in membrane (upright or tilt as
in full transporter complex) can be tested with umbrella sampling, using the tilt angle of the
S-component with respect to the membrane normal as the reaction coordinate. Similarly,
whether the S-component is able to dissociate from other components of the transporter can
be answered by free energy calculations along a dissociating trajectory of the S-component,
which can be achieved using steered MD pulling away the S-component along the membrane,
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or with more complicated biasing schemes using collective variables describing the number
of contacts between the S-component and the transmembrane domain, and/or the relative
orientation between the domains.
A particular important aspect in the structural investigations of Pgp is the conformations
upon drug-binding and the characterization of protein-drug interactions in the drug binding
site(s). Especially, it has been proposed that Pgp has multiple drug binding sites, which show
different affinities toward different drugs [196], yet the exact location and drug-interacting
modes in these different sites are poorly understood. As the crystal structures of Pgp have
been resolved in the drug-binding competent IF state, the protein-drug interactions can be
characterized with MD simulations once force field parameters have been developed for drug
molecules of interest. Although the drug molecules could be conveniently parametrized in
CHARMM General Force Field [197] using ParamChem web server [198,199], the parameters
should be carefully optimized for the purpose of characterizing protein-drug interactions.
Therefore, a robust force field parametrization/optimization routine is needed if multiple
drugs or drug candidates are to be investigated. Recently a tool has been developed for
rapid parametrization of small molecules in CHARMM force field [200], it can be expected
that a rapid parametrization of a series of drugs may lead to better understanding of the
mechanism of multidrug resistance through MD simulations.
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